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Insofar as the writer knows, the normal embryology of Diopatra cuprea has 
never been completely worked out. The main trouble seems to have been that 
investigators, with the exception of Just (1922), have found that it is difficult 
to activate the eggs of this species even when they appear ripe. Andrews had 
similar difficulty with the eggs of the closely related species, Diopatra magna 
(since designated Onuphis magna). He made the statement (1891b, page 115) that 
“attempts at artificial fertilization were unsuccessful” although the eggs seemed 
tipe as indicated by their size and the large numbers present packing the coelom, 
as well as the occasional finding of similar eggs amongst the larvae in the egg 
masses which he found during the breeding season. However, Just (1922), in 
a paper concerned primarily with raising mature Platynereis megalops from eggs, 
noted (page 477), “Though it is usually stated that artificial insemination of Dio- 
patra eggs is not possible, every attempt made by the writer . . . was successful,” 
and that he reared Diopatra cuprea to a length of 4cm. No record of development 
was given. 

The problem of activation has remained a significant one throughout the course 
of this investigation. Wiéith perseverance (particularly initially) larvae from many 
batches of eggs have been raised during the course of several summers to a stage 
where 6 sets of setae have been formed and, in the summer of 1958, a few were 
raised to a stage with 7 sets of setae. Thus far two abstracts have been published 
on this work (Allen, 1951, 1953) and more recently Costello et al. (1957) have 
included some additional previously unpublished data (furnished by the present 
writer) in their book on handling marine eggs and embryos. 

The study of the development of D. cuprea is still incomplete but enough addi- 
tional material has recently been worked out so that it was thought advisable to 
publish a more detailed account of development than has thus far been done. 
There is little material in the literature on the development of the genus, Diopatra. 
As further observations on living material were made, the confusion in the litera- 
ture surrounding the development of the species, D. cuprea, became more apparent. 


1 Supported in part by summer research grants from the University of New Hampshire 
and Wilson College. 
2 Present address: Department of Biology, Wilson College, Chambersburg, Pennsylvania. 
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Observations made during the present study suggest that most, if not all, of the 
material which has been published on the development of Diopatra cuprea has 
been incorrectly attributed to this species, so that the investigations of the writer 
may represent the only material published on the development of this polychaete. 


MATERIAL AND METHODS 


The adult worm. The characteristics and habits of the adult worms of this 
species have been described by various investigators (Andrews, 189la; Sumner, 
Osborn and Cole, 1911; Hartman, 1945, 1951; et al.). The parchment-like tubes 
of these polychaetes, which are found in the intertidal zone, go down two to three 
feet into the substratum. When disturbed the worm retreats into the tube so that 
in digging for the adults one rarely obtains the whole worm. As a result, the 
posterior tip with its four anal cirri is rarely seen. The head bears five occipital 
tentacles and two shorter frontal tentacles. Larvae have been raised to a stage 
when the five occipital tentacles and two anal cirri are noticeable. Males which are 
sexually mature are cream to yellowish in color as a result of the sperm packed in 
the coelom. In males with fewer sperm only the parapodia are yellowish in color. 
Females when sexually mature are usually grey-green due to the color of the 
eggs (which have a green pigment) packed in the coelom. This species is plentiful 
in Woods Hole waters. Most of the collecting for this investigation was done at 
Northwest Gutter, Hadley Harbor, Massachusetts, and some of it was done in 
the harbor at North Falmouth and at Woods Hole, on the Buzzards Bay side. 
The adults for the most part were kept in aquaria in running sea water. The 
worms were fed every day or two with pieces of the mussel, Mytilus. 

Procuring and handling living developmental stages. The writer has raised 
larvae of Diopatra cuprea from mid-June through August following artificial ferti- 
lization. The problem of activation of apparently ripe eggs was present throughout 
this period but artificial insemination was more successful in June and July than 
in August. This is contrary to the remark of Bumpus (1898, page 855) that 
“the ova are nearly ripe in August.” 

During the breeding period of a sexually mature worm, the coelom becomes 
packed with gametes. When eggs or sperm are needed, the posterior end of a 
worm is exposed by cutting the end of the tube with scissors. The exposed portion 
is then held lightly with forceps. This usually results in the worm’s pinching 
off its posterior segments. Eggs were obtained from the isolated posterior sections 
by slitting the body wall along the bases of the parapodia with No. 5 watchmaker’s 
forceps. Eggs thus obtained were washed in Syracuse dishes with sand-filtered 
sea water. In general, spermatozoa were obtained by making a small slit at the 
base of a parapodium with a No. 5 watchmaker’s forceps and diluting the “dry” 
sperm with sand-filtered sea water. Under the dissecting microscope ripe sperm 
were observed to be active immediately. Polyspermy should be avoided. 

Within a few minutes after insemination the eggs were washed several times 
with sand-filtered sea water. Usually they were given fresh sea water one to 
two hours later. If development were normal, ciliated larvae developed at room 
temperature within three hours after insemination. At this stage larvae usually 
were transferred to stender dishes and placed on the sea water table in a moist 
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chamber with 90% sea water in the bottom. The water was changed at least once 
a day thereafter. 

Apparently egg laying in D. cuprea is a phenomenon rarely observed (Sumner 
et al., 1911). In only one instance did the writer observe natural egg laying in 
the laboratory. This was on the evening of June 23, 1949. A worm tube was 
picked up and eggs were immediately released in a transparent, only slightly 
viscous, jelly which dissolved readily in sea water. The eggs were fertilized arti- 
ficially and almost 100% cleaved. Only a few other times in the experience of 
the writer has fertilization approached 100%, as the method of artificial insemina- 
tion described is frequently unsuccessful. To get a batch of eggs with 50% of 
the eggs cleaving is good. 

Observations were made on living stages with the dissecting and compound 
microscopes and, in the summer of 1958, additional observations were made with 
the phase microscope. For study and for photomicrographs the ciliated stages 
were slowed down with a little dry MS-222 (tricain) added with a dissecting needle 
to a drop of filtered sea water containing the larvae (optimal concentrations for 
quieting various larval stages were not determined). 

For the setal studies the larvae were placed on a slide in a drop of filtered sea 
water and then a cover slip was applied. They were examined briefly under a 
magnification of X 430 and then left to dry a little. This treatment in many cases 
spread out the setae which were then studied in more detail under x 430. 

Handling of fixed material. Various stages were fixed, paraffin-embedded, and 
serially sectioned (usually at 7 or 10 micra). Whole mounts of stained and un- 
stained stages were also made. The fixatives used for the early stages were usually 
Allen’s B-15 or Bouin’s, and for later larval stages Schaudinn’s or Bouin’s heated 
to 60° C. A series was also fixed in Meves’. A variety of stains was tried includ- 
ing Heidenhain’s hematoxylin, Harris’ hematoxylin, acetocarmine, alum-cochineal, 
Giemsa’s, toluidin blue, and Feulgen’s. Sections and whole mounts usually were 
mounted in Permount or Canada balsam. It was considered important to use 
such whole mounts to make a cell lineage study through at least the early cleavage 
stages. However, the method which had given excellent results with cleavage 
stages of the gastropod, Crepidula, failed completely with Diopatra. Various other 
techniques have been tried, including pre-treatment to remove lipids or ribonucleic 
acid, either of which might take up the stain in the cytoplasm. To date a technique 
has not been developed that would stain the chromosomes and enable one to follow 
the orientation of the spindles without staining the cytoplasm. 


NorRMAL DEVELOPMENT 


The writer has indicated already (1951) that the cleavage of Diopatra cuprea 
occurs with amazing rapidity, functional cilia being formed within three hours 
after insemination. Prior to this age, it is difficult to construct a time table of 
development because there is considerable variability among different batches of 
eggs and also among different eggs in the same batch, particularly in cases in which 
low percentages of fertilization occur. The following represents a slight elabora- 
tion of the schedule recorded in Costello et al. (1957) which is based on the writer’s 
data obtained over several summers. The times are recorded from insemination 
at temperatures of 21-24° C. 
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Stage Time 
First polar body 15-20 minutes 
Second polar body 20-30 minutes 
Two- to four-cells 40-60 minutes 
Eight-cells 50-90 minutes 
Mid- to late cleavage 90-120 minutes 
Functional cilia 3 hours 
Apical tuft (apparent in some) 8-9 hours 
Apical tuft (present in all normal larvae) 12 hours 
Rotating trochophores 24 hours 
2 to 3 sets of internal setae 36 hours 
3 sets of external setae, no tentacles 2 days 
4 sets of external setae, some with 3 tentacles 3-4 days 
5 sets of external setae, 5 tentacles 44-54 days 
6 sets of external setae, 5 tentacles 63-8 days 
7 sets of external setae, 5 tentacles 13-17 days (typical?) 


The various stages of normal development are described in more detail below. 

The unfertilized egg. In Diopatra cuprea the unfertilized egg is oval. After 
its growth period the average size of the egg is approximately 235-240 x 205-210 
micra (Fig. 2). (Andrews, 1891b, gives the diameter of this egg as 400 micra; 
however, the above dimensions are based on repeated measurements by the writer.) 
In living eggs the germinal vesicle is visible as a lighter region near the animal pole. 
Surrounding it is an area of non-yolky cytoplasm in which are suspended bright 
green pigment granules. [External to these are yolk granules which increase in 
number towards the vegetal pole. Their accumulation thus establishes a visible 
animal-vegetal gradient and makes the egg very opaque. In reflected light under 
the dissecting microscope the eggs en masse in some batches are creamy yellow or 
creamy white; in other batches, eggs have a greenish hue. With dark-field (under 
low power) the eggs are a rich yellowish cream color with brilliant green granules 
obvious around the germinal vesicle. The differences in color apparent under the 
dissecting microscope are due to the relative amounts of green pigment and yolk. 
The egg has a clearly defined membrane, approximately 3 micra thick, which ap- 
pears to be perforated by radial pores when viewed under the compound microscope. 

A curious feature of the development of these eggs is the two strings of cells 
attached to them during their growth period in the coelom. Andrews (1891b) 
described these follicle cells and states (page 113) that “these objects were at first 
mistaken for parasitic algae.” These “nurse” cells are transparent (Fig. 1) 
and bear a striking resemblance to blue-green algae. However, each algal-like cell 
has a relatively large nucleus with a prominent nucleolus (Fig. 16). In the very 
small oocytes bearing these “nurse” or follicle cells, the pigment is a brilliant 
green as there is little or no yolk to mask it. These smaller eggs have a central 
nucleus (Fig. 16). Subsequently, with the differential accumulation of yolk, the 
nucleus becomes excentrically located, coming to lie near the animal pole (region 
indicated in Figure 17). 

Apparently the follicle cells are not lost until the end of the growth period in 
oogenesis as a few full-size eggs have been observed with these algal-like strings 
attached. Andrews (1891b) has observed that these cell strings are retained in 
D. magna until near the end of the growth period. 

Fertilization. The egg is fertilizable at the germinal vesicle stage. The first 
indication of fertilization is the lifting off of the egg membrane to form the fertiliza- 
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tion membrane. The perivitelline space is slight, being most obvious in the region 
of the animal pole. The germinal vesicle becomes less and less distinct as the 
perivitelline space forms. Usually the first polar body is given off within 20 min- 
utes after insemination and the second within 30 minutes after insemination. A 
small pigment-free area around the animal pole marks the position where the sec- 
ond polar body will pinch off (Fig. 2). The polar bodies are small (Fig. 4), the 
second polar body being somewhat larger than the first. Figure 17 shows a section 
of an egg in metaphase I (the polar bodies are not visible). 

Cleavage. Occasionally the two-cell stage may be observed 30 minutes after in- 
semination but usually the first cleavage is not completed until 40 minutes or so after 
insemination. The first cleavage furrow is meridional, cutting through the animal 
pole first (Fig. 3) resulting in two blastomeres of unequal size, the AB being some- 
what smaller than the CD blastomere (Figs. 4 and 18). There is some variation in 
the size difference between the first two blastomeres. Blastomeres AB and CD 
often divide about the same time as seen in living stages and sections. In some 
cases the larger blastomere appears to divide first, as three-cell stages may be 
observed (Fig. 19). It is possible, however, that these three-cell stages represent 
abnormal development. The four-cell stage shows a cross furrow with the ar- 
rangement of cells typical of spiral cleavage (Fig. 5). In living stages the nuclei 
appear as lighter regions. The third cleavage results in an eight-cell stage with 
four somewhat smaller micromeres being polar in position (Fig. 6). Cleavages 
beyond these first few are amazingly rapid. A mid-cleavage stage is shown in 
Figure 7. During late cleavage the blastomeres are held firmly together within 
the original egg membrane, and a vacuolated peripheral area is appearing (Fig. 20). 

Early ciliated stages (3 to 12 hours). These stages are approximately the 
size of the unfertilized egg. While there is no increase in mass, cells are continuing 
to divide. Gastrulation in these very rapidly developing early stages may be 
occurring by the time cilia have differentiated and probably takes place primarily 
by epiboly. 

Functional cilia penetrate the egg membrane within three hours after insemina- 
tion. They appear to push through the pores noted above in the membrane of the 
unfertilized egg. It is difficult to be certain of the ciliary distribution even when 
using the phase contrast microscope, but cilia appear to cover the entire surface 
except for two areas, a disc at the posterior end and the region around the future 
apical tuft. The cilia thus appear to form a very broad band involving most of 
the larva. At this stage peripheral vacuolated cells form four anterior plates which 
surround, and appear distinct from, a central mound of denser cells (Figs. 8, 9, 
21, 23). A few small pigment spots may be observed in living larvae. Normal 
larvae move in place for awhile but very shortly become surface swimmers. They 
swim forward, at the same time spinning clockwise on the longitudinal axes when 
viewed from the animal pole. 

By slowing down swimmers with MS-222 and observing them with the phase 
microscope (using dark-field which gives a strikingly beautiful picture), it is pos- 
sible to get a “head-on” view of the former animal pole region. If the larvae spin 
slowly enough, one can see what looks like a diagrammatic representation of both 
the apical rosette (blastomeres a;.3—d;.3) and annelid cross (compare Plate XI, 
Figure 18, on Amphitrite in Mead’s paper, 1897, page 311, or Figure 196-5, based 
on Nereis, in Borradaile and Potts, page 283). Blastomeres a**—d** are less dis- 
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tinct but can be made out (blastomeres at-*—d"-? and a;,3—di.3 are apparently desig- 
nated as a‘*—d** and a‘*-d** in Borradaile and Potts). The four anterior plates 
of cells appear to arise from the four groups of prototroch cells and thus mark the 
position of the prototroch proper beneath them. The apical rosette forms the tip 
of the central mound of cells. Sometimes one or two globules (probably polar 
bodies which have not yet disintegrated) are seen in the space between the central 
mound and the membrane (Fig. 21). 

The central mound in some 7-hour swimmers has grown almost to the animal 
region of the membrane. The apical tuft, in some larvae at least, appears one to 
two hours later. The cilia of the apical tuft have their origin from the central cells 
at the tip of the mound (in the few cases measured, cilia were approximately 40 
micra when first formed). Their origin is not surprising, for, as noted above, the 
central cells make up the apical rosette which has been shown in other polychaetes 
to become the apical organ of the trochophore. 

Continuous with the four anterior vacuolated plates, but extending posteriorly, 
are at least four yolk plates. Their formation leaves a space between them and the 
medial endodermal yolk mass of the larva. Anterior vacuolated plates and pos- 
terior yolk plates merge in the peripheral portion of the larval mass at about the 
equatorial level. Yolk spheres similar to those in these curious thin plates can be 
traced in serial sections from the posterior part of the larval mass peripherally 
and anteriorly (where some are observed at the base of the vacuolated plates) 
and then posteriorly just under the cuticle where they form thin plates. The 
yolk plates thus appear to arise from the posterior part of the larval mass (original 
vegetal hemisphere). The narrow spaces between each plate and the median mass 
are continuous with each other posteriorly and are visible as slits in some 12-hour 
larvae (and older) when they rotate. All normal larvae of 12 hours have a 
prominent apical tuft (one measured approximately 100 micra) which can be seen 
under the dissecting microscope. Larvae swim rapidly about the antero-posterior 
axis much as before with the apical tuft directed forward. 


All figures are photomicrographs taken with a Makam camera. Figures 1 through 15 are 
all of living stages, taken at X 100, without a cover glass except for Figure 15. Moving stages 
were quieted with MS-222 (tricain). Figures 16 through 28 are all of sectioned material, 
taken at X 352 except for 27 and 28 which were taken at X 220. Figures 29 through 34 are 
all photomicrographs taken from “dry” mounts of larvae at X 430. 


Piate I 
EXPLANATION OF FIGURES 


Figure 1. Developing eggs before their growth period is completed, showing algal-like 
strings of cells. Ficure 2. Unfertilized egg showing lighter granular area at the animal pole 
where the polar bodies will pinch off. Ficure 3. Fertilized egg with cleavage furrow begin- 
ning first at the animal pole. Ficure 4. Two-cell stage, showing that the CD blastomere is 
somewhat larger than the AB. Note the fertilization membrane and one of the polar bodies. 
Figure 5. Four-cell stage viewed from animal pole, showing the cross furrow characteristic 
of spiral cleavage. Ficure 6. Eight-cell stage in two tiers, four slightly smaller micromeres 
towards the animal pole. Ficure 7. Early to mid-cleavage showing individual blastomeres. 
Ficure 8. Early swimming stage, approximately four hours old, showing two of the four 
plates surrounding the central mound. Ficure 9. “Head-on” view of stage similar to Figure 8, 
showing four plates of cells (one at lower right clear) surrounding the mound. Ficure 10. 
Trochophore, approximately 28 hours old, with apical tuft and prototroch (haze at right 
represents the beating cilia). 
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Trochophore stage,.24 hours old. Larvae of this stage are still approximately 
the size of the unfertilized egg and are positively phototactic active swimmers, 
rotating clockwise as in the preceding stages. Anteriorly, they have two:red eye- 
spots and a prominent apical tuft, 60-70 micra or more in length, consisting of sev- 
eral long cilia surrounded by a ring of shorter cilia. The body is still covered with 
cilia except for the small disc at the posterior end and a small area around the 
apical tuft (Fig. 10). The cilia appear somewhat longer in the region of the 
developing prototroch and telotroch. The denser central mass of cells represents 
the differentiating yolk-laden mid-gut (Fig. 22). In living stages a slight inden- 
tation observed on one side may represent the stomadeum. A few dark pigment 
spots (green in dark-field) in the region of the broad prototroch tend to mask 
the pharynx in living larvae. In some larvae the slit-like spaces formed between 
the posterior } yolk plates and the underlying larval mass are still obvious; in others, 
growing cells have obliterated the slits so that the peripheral yolk plates are caught 
between the mesodermal bands and the cuticle. The yolk plates are wan visible 
as a line of yolk spheres just beneath the cuticle (barely visible in Fig. 22). Thus, 
posteriorly, the layers from inside out are the central yolk mass, mesodermal bands, 
slits (in some instances), yolk plates, and larval membrane (Fig. 22). 

Post-trochophore stage, 36 hours old. This stage is usually little longer, though 
somewhat narrower, than the preceding and is characterized internally by the be- 
ginnings of two to three sets of setae and the formation of glandular cells (prob- 
ably mucous in nature; Figs. 24, 25, 26). The larvae are strongly positively 
phototactic as evidenced by their swarming toward the light. They have prominent 
red eyespots and a well developed apical tuft (most of the cilia are approximately 
85 micra, the longest measured being approximately 100 micra). The cytoplasm 
at the level of the broad prototroch has a bubbly appearance due to refractile drop- 
lets which tend to obscure the pharynx. Other external features are the narrow 
telotroch, short cilia between the proto- and telotrochs, and possibly a posterior 
tuft of cilia (a suggestion of this last was observed only twice, with the phase 
microscope). Yellowish pigment may be observed scattered over the surface. 
Visible under the cuticle posteriorly are the peripheral yolk plates. The gut from 
an external view is similar to that in the preceding stage, forming a darker central 
mass (yellow in reflected light). A posterior indentation may represent the proc- 
todeum, as the hind-gut has not yet formed. The larvae appear to be flattened 
slightly on the ventral surface. Serial sections reveal the pharynx, differentiating 
setae, mucous cells, and four large posterior vacuoles which probably represent the 
free ends of mucus-secreting cells (Figs. 24 and 26). 


Pirate II 


EXPLANATION OF FIGURES 


Figure 11. Larva of 3% days with four sets of setae (the fourth set has retracted). 
Visible are two eyespots at right, two posterior vacuolated cells at left, and darker mid-gut 
region between the setae. Figure 12. Swimming larva, also 34% days old, with the fourth 
set of setae just emerging. Note the beating prototroch at eye level and the telotroch at left. 
Figure 13. Larva of approximately four days, showing four sets of setae, three dorsal tentacles 
beginning to form, and black jaws visible through the body wall. Ficure 14. Larva of six 
days with five sets of setae and dorsal tentacles elongating. Note the eyespots, dark jaws, and 
dark mid-gut region. Ficure 15. Larva of seven days, with five sets of setae, photographed 
with cover glass. Visible are two eyes, “knobby” tentacles, black jaws, light mid-gut region, 
and two anal cirri. 
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PrateE III 
EXPLANATION OF FIGURES 


Ficure 16. Section of two young eggs in the coelom, showing attached algal-like strings 
of cells (second string not in plane of section), the nucleus and prominent nucleolus in the egg 
and in each of the “nurse” cells. Ficure 17. Fertilized egg in metaphase I, showing the 
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Larvae of 2 days, 8-12 hours. These larvae, about the same width as the pre- 
ceding, have elongated by about 100 micra and measure approximately 325 x 200 
micra (in measurements of larvae, widths indicate the broadest portion). The 
tendency of some larvae to settle on the bottom at this stage seems to be correlated 
with the secretion of mucus; other larvae, however, are still actively rotating, 
positively phototactic swimmers. Their invariable swarming towards the light 
makes changing the water easy at this stage. The larvae usually have differentiated 
three sets of setae externally (sometimes only two), with a fourth set forming 
internally in some. The third set, though extending externally, may be incom- 
pletely formed (see Table 1). 

Larvae have two prominent red eyespots and several pigment spots anteriorly. 
The apical tuft, though reduced, is still prominent, being r@tghly 55 micra long. 
The anterior arms of the opaque Y-shaped mid-gut surround the colorless pharynx. 
Scattered black pigment spots can be seen in surface view. The prototroch is still 
present as is the telotroch of longer cilia, and between them are shorter cilia. 
Rarely seen, but very clear when observed with the phase microscope, is a little 
patch of cilia just posterior to each set of setae. The characteristic refractile drop- 
lets are still present at the widest part of the prototroch and this area appears con- 
tinuous with the mid-gut region. The hind-gut is not clearly defined. 

Larvae of 3 days, 8 to 12 hours. Larvae of this stage are slightly longer and 
usually somewhat narrower than those of the preceding stage (for example, one 
measured 400 x 180 micra). A few are still swimming and are positively photo- 
tactic, but most tend to crawl on the bottom, secreting mucus as they do so. They 
sometimes stick together in clumps in which case they should be separated before 
they die. Some have formed transparent slime tubes. Usually four functional 
sets of setae are visible externally (Figs. 11 and 12) and the parapodium of the 
first setigerous segment has two protrusions, a finger-like postsetal lobe and a 
shorter presetal lobe (Fig. 33). A tuft of cilia, rarely observed, is present at the 
base of each parapodium. An apical tuft is still prominent but is often missed 
even with the phase microscope, for it tends to bend backward when slowed with 
MS-222. The fairly broad prototroch extends from the anterior level of the eye- 
spots to just anterior to the first set of setae (compare Figures 11 and 12). The 
prominent telotroch lies just posterior to the last set of setae (Fig. 12). Incipient 
jaws have differentiated which have an extra toothed plate on one side of the 
otherwise symmetrical maxillae (similar to Fig. 29). This asymmetry of the 
jaws is characteristic of the adult. These larval jaws are movable indicating that 
pharyngeal muscle is differentiating. Peripheral vacuolated mucous cells are 
clearly defined. Two of the large posterior vacuoles may be visible externally 
(Fig. 11). The broad anterior region, with its bubbly cytoplasm, still appears 


contrast between yolky and non-yolky cytoplasm. Ficure 18. Two-cell stage in metaphase 
of second cleavage showing that the CD blastomere is larger than the AB. Note the fertiliza- 
tion membrane. Ficure 19. Three-cell stage showing that the CD blastomere sometimes 
cleaves before the AB. This may represent abnormal development. Ficure 20. Blastomeres 
of late cleavage held firmly within the egg membrane. The peripheral vacuolated region is 
beginning to appear and one blastomere is in metaphase. Ficure 21. Longitudinal section 
through an early ciliated stage, approximately three hours, showing central mound of cells at 
the animal pole, two of the four vacuolated plates of cells, and small round body (probably a 
polar body) beneath membrane at the right. 
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continuous with the droplet-filled darker mid-gut region (Fig. 11, droplets not 
in focus). The arms of the Y-shaped mid-gut surround the pharynx. The thick- 
walled, rather transparent hind-gut, presumably ectodermal, is forming. In some 
batches, buds of the three more dorsal tentacles are obvious, as well as the rudi- 
ments of the two anal cirri. 

Further internal structure can be seen in serial sections. Figure 27 is a sagittal 
section of this stage, showing pharynx and incipient jaws, narrow esophageal por- 
tion, and the mid-gut which has no lumen as yet and contains some dark pigment 
spots. A coelom has appeared, two flattened nuclei of the ventral peritoneal cells 
being clearly visible. The ventral body wall is thick compared with the dorsal 
and a ventral nerve cord is differentiating just beneath the peritoneum. A cerebral 
ganglion is visible just anterior to the pharynx. At least four large posterior 
vacuoles are visible. 

Larvae of 4 days. By this stage four sets of setae are visible externally and 
a fifth is beginning to form internally. The apical tuft was not observed and 
proto- and telotrochs are reduced. A few superficial scattered dark pigment spots 
can be seen in living larvae, and the endodermal and mid-gut contains some pig- 
ment. The transparent hind-gut has a narrow lumen. In most larvae, three well 
developed tentacular protrusions have appeared (Fig. 13) and buds of the two more 
ventral tentacles, as well as two anal cirri. Also visible through the body wall 
are the developing jaws (Fig. 13). 

Larvae of 4 days, 8 to 12 hours. Larvae of this stage have settled on the bot- 
tom and some may be observed in transparent slime tubes. They have four sets 
of functional setae externally with a fifth beginning to protrude in some. The 


presetal and postsetal lobes on the parapodia of the first setigerous segment are 
retained in this stage and in the subsequent stages described (compare Fig. 33). 
Five occipital tentacles are present, one mid-dorsal, two dorso-lateral, and two 


ventro-lateral ones, the last two being shorter. Two anal cirri are represented by 


Pate IV 
EXPLANATION OF FIGURES 


Figure 22. Frontal section of 24-hour trochophore (anterior at right) showing pharynx 
near center, light undifferentiated yolk mass just posterior to it, and mesodermal bands flanking 
the mid-gut. Ficure 23. Transverse section through the central mound in a larva similar to 
that in Figure 21, showing the four plates of vacuolated cells surrounding the mound. F1IGuRE 
24. Frontal section through a 36-hour larva (cut at 15 micra) showing pharynx (note 
anaphase), light undifferentiated yolk mass, and four prominent posterior vacuoles. Ficure 25. 
Transverse section through the pharynx of a larva that is similar to Figure 24, showing 
peripheral vacuolated cells and the cilia penetrating the larval membrane. Ficure 26. Frontal 
section through a 36-hour larva (cut at 10 micra) showing the pharynx (note anaphase), 
yolk mass, and two large posterior vacuoles. Two sets of internal setae are forming (tip of 
lower arrow) and two of the mucus-secreting cells with basal nuclei are visible (tip of upper 
arrow). Figure 27. Sagittal section through larva of 34% days, with four sets of setae. The 
jaws are beginning to form in the pharynx, the cerebral ganglion (light area) is anterior to 
them, and the mid-gut (without a lumen) is posterior to them. Note also the posterior vacuoles, 
the coelom around the gut, and the peritoneal cells (two nuclei clear) lying in contact with the 
ventral nerve cord. The ventral body wall is thicker than the dorsal. Ficure 28. Sagittal 
section through larva of 5% days, with five sets of setae. The same structures seen in Figure 27 
may be noted, although they are more highly differentiated. The mid-gut region now has 
a lumen continuous with the intestine which opens by way of a ventral anus, and some of the 
mid-gut cells have black pigment. 
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PLATE V 
EXPLANATION OF FIGURES 


Figure 29. Differentiating jaws of a larva of 44% days showing toothed asymmetrical 
maxillary plates on the left (an extra toothed portion is present on the left side) and mandibles 
on the right. Note also the bundle of curved pointed setae from the first setigerous segment 
Figure 30. Jaws from a larva of approximately eleven days, showing further differentiation 
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buds in some larvae of this stage, but are more obvious in others. Tufts of cilia, 
visible at the eye level in some, probably represent the remains of the prototroch. 
A prominent telotroch is still present. Also visible externally are jaws consisting 
of asymmetrical maxillary plates with well defined teeth and differentiating man- 
dibles (Fig. 29). An esophagus is differentiating between pharynx and mid-gut, 
and the latter continues posteriorly into the hind-gut. The dark yolk mass and 
droplets are restricted to the mid-gut and black pigment is visible in its lining. 
Some of the larvae appeared to be feeding on microorganisms. 

Larvae of 5% to 7% days. Larvae of 5% days have 5 sets of functional setae 
although the last set is usually not completely formed; in some cases a sixth set is 
differentiating internally. Some larvae may be observed in transparent slime tubes 
on the bottom, and in one instance a larva was observed turning around in its tube. 
Larvae which have not formed tubes often stick to the bottom at this stage and 
may constrict in two in attempting to free themselves. The five occipital tentacles 
are “knobby” and well developed (Fig. 15): the three more dorsal ones are ap- 
proximately 150 micra in length and have two basal segments by 7 days; the two 
more ventral ones are shorter and have one basal segment each. Two anal cirri 
are well developed (approximately 30 micra in length) and “knobby” (Fig. 15). 

A number of the differentiating internal structures of this stage can be illus- 
trated by Figure 28. This is a sagittal section through a larva with 5 sets of setae 
(514 days old) and with well developed jaws associated with the pharynx. The 
mid-gut is patent throughout, its lumen being continuous with that of the hind-gut 
which, in turn, opens ventrally through the anus. The coelom has enlarged as 
compared with the preceding stage (Fig. 27). Nuclei of two of the flattened peri- 
toneal cells are visible ventrally (the peritoneum can also be seen in living larvae), 
and the cerebral ganglion and ventral nerve cord are clearly visible. 

Larvae of 8 days, 8 hours and older. By 8% days, 6 sets of setae have formed 
externally in most cases and are complete, or almost so. However, some larvae 
take one to three days longer to form the sixth set (a few take even longer). The 
black jaws are well differentiated and active at these stages. The asymmetrical 
maxillary plates have a medial toothed margin in each half (as well as the toothed 


as compared with Figure 29. The bundle of curved pointed setae from the first setigerous 
segment and an additional slender rod are also visible. FirGure 31. Curved pointed setae on 
the first setigerous segment of a larva of 8% days, with six sets of setae. Characteristically, 
four such setae are present but here the curved tip of a fifth set is appearing (off tip of right- 
hand arrow). Note also the aciculum with a deeper origin than the external setae, and the 
slender rod (off tip of left-hand arrow). Ficure 32. Two anterior parapodia in a larva of 
approximately 5 days, with four sets of setae. The curved, pointed, claw-like setae of the first 
setigerous segment are visible; contrast these with the short-tipped winged capillary type (one 
in focus) characteristic of the second, third, and fourth setigerous segments. FiGure 33. 
Parapodia of first and second setigerous segments (anterior at right) in a larva of 514 days, 
with a small fifth set of setae. The finger-like postsetal lobe and the smaller presetal lobe 
which are characteristic of the first parapodium are visible. Figure 34. Setal types from the 
fourth, fifth, and sixth setigerous segments (anterior at left). Note the three short-tipped 
winged capillary setae (and basal aciculum) characteristic of the second, third, and fourth 
setigerous segments, the two bidentate acicular setae and one long-tipped winged capillary seta 
(and basal aciculum) characteristic of the fifth, sixth, and seventh setigerous segments. The 
two-pronged tip (off tip of arrow) of the second bidentate acicular seta developing in the sixth 
setigerous segment is also visible. 

















354 M. JEAN ALLEN 


additional piece; see Figure 30) and work in scissors-like fashion with the man- 
dibles either held stationary or with both jaws working alternately in an antero- 
posterior direction. The maxillary plates move forward, open, and then close 
during their posterior movement. 

In a few cases a culture of algae was allowed to accumulate in the stender 
dishes. The larvae in these cases appeared to be feeding on the algae although the 
mid-gut was still dark with stored food material and contained large food vacuoles. 
The larvae upon occasion will eat their own kind as in one instance black jaws of 
another larva were observed in the mid-gut of an 1114-day larva, and one larva 
appeared to be “gnawing” on another living larva stuck to it. An active rolling 
movement from side to side was noted in the esophageal region of a number of 
larvae, and in one food particles were noted in this region of the fore-gut which is 
very thick-walled. 

The five occipital tentacles are similar to those of the preceding stage except 
that they are longer, the dorsal ones measuring approximately 225 micra in 9-day 
larvae. Anal cirri in larvae of this age are approximately 50 micra long. 

Headless larvae, capable of moving about, were observed occasionally. Larvae 
of this age tend to stick to the bottom of the dish, often on their backs, in which 
case they may constrict in two in an attempt to become free. 

The larvae were not fed (except for any microorganisms which came through 
the sand-filtered sea water) and may live as long as the yolk material lasts in the 
mid-gut (this area becomes transparent when the food supply is gone). Over 
several summers, 6 sets was the maximum number of setae observed in these larvae 
of D. cuprea. However, in the summer of 1958, 7 sets were recorded for nine 
larvae, in two (from different batches) by 1314 days of development, in one by 
141% days, in two (from different batches) by 171% days, and in one by 181% days 
of development. One larva from this last batch did not develop a seventh set until 
the twenty-fifth day, and another from this batch until the thirtieth day of develop- 
ment. One from a different batch developed a seventh set by the twenty-sixth 
day. Among these larvae the oldest lived for 13 days after developing a seventh 
set of setae, dying at an age of 301% days. Most larvae died before developing a 
seventh set. The types of setae are described in more detail below. 

Types of larval setae and their order of appearance. By the time 5 sets of 
setae have formed in these larvae, four types of setae have differentiated. The type 
(or types) and distribution of each are characteristic for each segment. As indi- 
cated in Figures 29 to 34, those in the first setigerous segment are different from 
any of the others, those in segments two, three and four are similar, and those in 
segment five are new types which are retained in segments six and seven. One 
aciculum is associated with each setigerous sac at all levels. These internal basal 
setae have a deeper origin than the others (Figs. 31 and 34) and appear to direct 
the movements of the external ones. Once the direction of movement has been 
determined at any one level, the external setal complement seems to work against 
the aciculum which thus acts as a fulcrum. 

The following tables indicate the setigerous segments, the number and types 
of setae in each setigerous sac (omitting acicula which are present at all levels), 
the time of appearance at each level, and the setal complement of each segment at 


successive developmental stages. Photomicrographs are presented to help in the 
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TABLE | 
Time of appearance of setal types in various segments 
Setigerous segment Type of setae Time of external appearance 
1 sx 2 days 
3C + tip of C 3} days 
4C 44 days 
2S 2 days 
38 23 days 
2S 23 days 
38 34 days 
2S 23 days 
3S 3} days 
1B, iL 43 days 
2B, 1L 54 days 
1B, 1L 7 days 
2B, 1L 8} days 
1B, iL 13 days (typical?) 
2B, 1L ? 


identification of these setal types. The key to the letters in the tables is as follows: 
C—curved pointed type (Figs. 29 to 33), S—short-tipped winged capillary type 
(Figs. 32 to 34), B—hidentate acicular type (Fig. 34), L—long-tipped winged 
capillary type (Fig. 34). 

The individual setae develop in a disto-proximal direction, the tip differentiating 
first. This was observed repeatedly in “dry” mounts. For example, in the first 
setigerous segment of a 4-day larva, three curved setae are complete and just the 
curved tip of the fourth is visible internally. In the fifth setigerous segment of 
4- to 6-day larvae, one of the bidentate setae and the aciculum appear to develop 
simultaneously ; then the long-tipped seta of this level develops and before it is 
completed the two-pronged tip of the second bidentate seta has developed inter- 
nally (Fig. 34). This sequence of setal development noted in setigerous segment 
number five is followed also in the sixth and seventh segments. 

In one larva (81% days old) the distal tip of a fifth seta of the curved type 
characteristic of segment 1 was noted (Fig. 31). This indicates that 4 curved 
setae may not be the full complement for this level; however, this one case may 
not represent the typical condition. Also, in a number of larvae of 8 days, 8 hours 


TABLE II 


Distribution of setal types by segments at different stages 


Setigerous segment 


Larval stage : = js ‘ aliteteiaenania 


3 parapodia 

4 parapodia 

5 parapodia 

6 parapodia 3S 3S 38 2B, 1L 

7 parapodia : 3S | 3S |; 3S 2B, 3 | 2B, ib 
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and older, a tiny slender rod was noted in both of the first setigerous sacs (Figs. 
30 and 31). Its presence was not observed consistently throughout this age group. 

As suggested by the tables, the setae once formed were retained throughout the 
period of observation. This is in contrast to Wilson’s analysis of the succession 
of larval bristles in Nerets pelagica (1932) in which he found that as successive 
setae formed, the ones more anterior began falling out. 












DiscuUSSION 





Certain aspects of the development of the egg and of the early larvae of Diopatra 
cuprea seem to be peculiar to this species, and in other instances to this genus or 
to the closely related genus, Onuphis. The curious process by which the eggs are 
formed in the ovary has been described by Andrews (1891b) and recently has been 
briefly reviewed by Costello et al. (1957). Lieber (1931) has described this proc- 
ess for D. amboinensis. Andrews (1891b) suggests that the algal-like strings of 
“nurse” cells attached to the developing egg may have a supportive function while 
the eggs are floating free in the coelom, rather than a nutritive one. However, 
Treadwell (1921, page 81) states that in the eggs of Diopatra cuprea at Woods 
Hole he was able to demonstrate a “definite communication pore between the ovum 
and the first cell of the chain, indicating that they are true ‘nurse’ cells.” Lieber 
(1931) in a detailed study of oogenesis in Diopatra described and figured a cyto- 
plasmic connection between the developing egg of D. amboinensis and its attached 
“nurse” cell and concluded that the cells were, in fact, nutritive in function and, 
therefore, properly termed nurse cells. The communication pore noted by Tread- 
well (1921) may conceivably represent the area where an amoeboid process of the 
egg could contact the cytoplasm of the “nurse” cell. 

Lieber (1931) has described a micropyle in the egg membrane of D. amboinensis. 
The defect observed near the vegetal pole in some eggs of D. cuprea in the present 
investigation may be a micropyle, although Andrews (1891b) makes no mention 
of it in either D. cuprea or D. magna. These defects may instead represent the 
remains of the communication pore noted by Treadwell (1921) in the developing 























oocyte. 

It has been noted that the ripe eggs of Diopatra cuprea appear to be perforated. 
The canalicular nature of the membrane has been demonstrated in stained eggs 
of Diopatra by Lieber (1931). A porous membrane is not restricted to the eggs 
of Diopatra but has been noted in other polychaete eggs, for example, those of 
lrenicola cristata (Wilson, 1882). 

Retention of the egg membrane as a larval cuticle (noted in D. cuprea) ap- 
parently is not uncommon among polychaetes. Wilson (1882, page 295) states, 
‘The persistence in some cases of the chorion as the larval cuticle is a remarkable 
occurrence entirely confined, so far as known, to the Chaetopods and Gephyrea, 













and by no means universal among them.” Examples of species which retain the 






original egg membrane are Clymenella torquata and Arenicola cristata (Wilson, 
1882), Nerets diversicolor (Dales, 1950), and Tharyx marioni (Dales, 1951). 
The four anterior vacuolated plates of cells which have formed by the time 







ciliation has been attained are peculiar to this form insofar as the writer knows, 






and appear to originate from the four groups of prototroch cells. 
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The significance of the curious arrangement of yolk spheres into peripherally 
located yolk plates has not been determined, for the main mass of yolk remains 
in the central endodermal position (mid-gut region) of the trochophore. One pos- 
sibility is that these peripheral plates may serve as a more efficiently placed food 
supply for the rather precocious development of the setae and associated muscle 
strands which differentiate from the mesoderm just medial to them. 

As has been noted in the introduction there seems to be considerable confusion 
in the literature concerning the identification of larvae and earlier stages ascribed 
to Diopatra cuprea. It is well known that larval types are difficult to identify. 
Two important characteristics used for distinguishing between larvae are the jaws 
and setal types. The conspicuous asymmetry of the maxillary plates in Diopatra 
cuprea has been noted (Figs. 29 and 30). Monro (1924), in his description of the 
post-larval stage of D. cuprea, also pictures the unpaired, toothed plate associated 
with the otherwise symmetrical maxillae. This asymmetrical jaw type is charac- 
teristic of adult onuphids and eunicids. The functional significance of unpaired 
maxillary plates in otherwise symmetrical jaws, which appear to work in scissors- 
like fashion, is obscure. Comparing the diagram of the upper jaw pictured in 
Monro (1924, Fig. 6, page 197) with the writer’s photomicrograph of the jaws 
of an 11-day larva (Fig. 30), one may conclude that they are closely similar and 
in all probability could have come from larvae of the same species when one con- 
siders the difference in age. Monro (1924) includes a brief discussion of the 
possible evolution of jaws within the eunicids and closely related groups. 

Setae develop precociously in Diopatra cuprea, at least as compared with some 
of the nereids, such as Nereis pelagica (Wilson, 1932) and Nereis diversicolor 
(Dales, 1950). The importance of setal types in distinguishing between larvae is 
indicated by the work of Wilson (1932), Krishnan (1936), Dales (1950), et al. 
\ comparison of the setae pictured here with the description and diagrams in 
Monro’s post-larval stage (1924) suggests that the larvae described by Monro 
belong to a closely related species, if not to D. cuprea. Development of the first 
setigerous segment ( Monro, 1924, Figure 2, and text, page 195) is in agreement with 
the findings described in the present study, but Monro indicates that from the second 
through the fifth set all setae are of the short-tipped winged capillary type. The 
view pictured is not clear (Fig. 3, page 195), and this setal type may or may not 
fit the type shown in the present investigation (Figs. 32, 33, and 34). In con- 
trast to Monro’s larvae, the fifth set of setae observed in the present study has a 
new setal complement which includes a bidentate acicular type which is retained 
in segments 6 and 7 (Fig. 34). Beginning on the sixth segment of Monro’s 
larvae a setigerous type (Fig. 4, page 196) appears which probably could be de- 
veloped from the bidentate acicular type described here (Fig. 34) by the develop- 
ment of a hook. However, to be comparable to the larvae described by the writer, 
this hooked type should begin on the fifth parapodium instead of the sixth. Thus, 


the two species may not be identical. 

Wilson (1882) describes and figures some early stages in the development of 
a polychaete which he identifies as Diopatra cuprea. These larvae, however, were 
obtained from gelatinous egg masses, and Andrews (1891a, 1891b) states that these 
early stages and larvae described by Wilson do not belong to Diopatra cuprea 
but to Diopatra magna. Monro (1924) notes that Andrews does not give the 
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basis for his statement and Monro, therefore, questions its validity. Treadwell 
(1921) has shown that the polychaetes described in the literature as D. magna 
in reality belong to another genus which he has designated as Onuphis. Both 
Diopatra and Onuphis are now accepted as distinct genera although they are 
closely related ones (Dr. Marian H. Pettibone, personal communication ; also see 
Hartman, 1945, page 24, and Hartman, 1951, page 51, for keys separating these two 
genera). Treadwell (1921) further points out the possibility that the larvae de- 
scribed by Wilson are really those of Onuphis magna and seems inclined to agree 
with Andrew’s interpretation. A comparison of the ciliated larva pictured by 
Treadwell from the gelatinous egg masses of Onuphis magna (1921, Plate 7, Fig- 
ure 5) with that figured by Wilson (1882, Plate XXIII, Fig. 10) shows more 
similarity between these two larvae than between Wilson’s larvae and those of D. 
cuprea described in the present study. 

Comparing Wilson’s larvae with the larvae pictured here, raised from the fer- 
tilized eggs of D. cuprea, certain differences are noted. No stages in the present 
study were observed that were as pear-shaped as Wilson’s Figures 89 and 90 
(Plate XXI), nor was any stage observed so markedly spotted with pigment as 
the larva in Wilson’s Figure 89. Further, the rudimentary apical tuft shown is 
in marked contrast to the prominent apical tuft in the larvae here described. A 
comparison of larvae with five sets of setae shows that there are differences be- 
tween those of Wilson (1882, Plate XXIII, Fig. 10, and description on page 289) 
and those pictured and described by the writer. In Diopatra cuprea, in the present 
study, no dorsal cirri were observed, five occipital tentacles are present in normal 
larvae at this setal stage, and the mid-dorsal tentacle is almost the same size as 
the dorso-lateral (contrast Wilson’s Fig. 10, Plate XXIII). Also a clearly defined 
pharynx and well developed jaws are visible at this stage (Figs. 14 and 15 of the 
present paper; however, Wilson and Treadwell may have intentionally omitted 
internal structures from their drawings). Further, the enlarged tip of the one 
setal type shown in Wilson’s larva (Plate X XI, Fig. 91) is different from any here 
described for D. cuprea (Figs. 31 and 34), although it is possible that this type 
might develop in a later stage. 

Distribution of the two species in question provides further evidence concerning 
the possibility of erroneous identification of their larvae. Both Diopatra cuprea 
and Onuphis magna are found intertidally in the Beaufort, North Carolina, area 
(Hartman, 1945) and in the Gulf of Mexico (Hartman, 1951) ; there is, therefore, 
a chance of confusing the egg cases of the two genera in these areas. Thus far, 
however, D. cuprea is the only onuphid found intertidally in the Woods Hole area 
(Dr. Marian H. Pettibone, personal communication), so to date there is no pos- 
sibility of confusion between these two onuphids (D. cuprea and O. magna) in 
the intertidal zone at Woods Hole. The writer is led to the conclusion, there- 
fore, that the stages pictured by Wilson do not belong to Diopatra cuprea and 
probably belong to Onuphis magna (D. magna of Andrews) as Andrews has stated. 

If Andrews is correct—and the evidence presented here indicates that he is 
—then the gelatinous egg masses found by Wilson belong to Onuphis magna. 
Insofar as the writer knows, gelatinous egg masses of D. cuprea have never been 


found in the Woods Hole area where this species is common. She herself has 
never observed them and Mr. Milton B. Gray, who has collected D. cuprea for 
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a number of summers in the Woods Hole area (both for investigators and for 
Course work), has never seen them (personal communication). Circumstantial 
evidence presented by Monro (1924) indicates that the eggs of D. cuprea are laid 
inside the tube (where the larvae develop) rather than in gelatinous egg capsules 
lying free on the sand. However, the possibility remains that Monro is not deal- 
ing with D. cuprea but with a closely related species. The one time normal spawn 
jelly was observed in the present study, it dissolved readily in sea water. This 
property of the jelly and the facts that cilia develop early and that the larva forms 
a prominent apical tuft suggest that D. cuprea may have a free-swimming stage. 

The writer, with the above observations in mind, would like to suggest that 
the egg masses with developing larvae which have been noted along the Gulf of 
Mexico (Hartman, 1951) as well as at Beaufort, North Carolina ( Andrews, 1891b; 
Hartman, 1945; Wilson, 1882), belong to Onuphis magna and not to Diopatra 
cuprea. Both species have been described as occurring together in these areas 
although their distribution along the Gulf of Mexico is somewhat different (Hart- 
man, 1951). 

With the confusion of these larval types apparent in the literature, the brief 
study of the setal types of D. cuprea included here may serve as at least one criterion 
for distinguishing between the species of onuphids in the future. The usefulness 
of setal types is apparent if one compares the table given by Krishnan (1936, page 
521) for D. variabilis (Southern) with the tables included here for D. cuprea. 

In summary, one is led to the conclusion that the early stages and larvae de- 
scribed by the several investigators cited probably do not belong to the species, 
Diopatra cuprea, but to a closely related genus or species, in two instances probably 
to Onuphis magna which is the Diopatra magna of Andrews. 

Further, this would seem to indicate that the descriptions of the writer for 
Diopatra cuprea are the only ones which can be correctly attributed to this species, 
with the possible exception of Monro’s post-larval description which may belong 
to D. cuprea. The possibility remains, however, that some investigation not here 
cited has escaped the writer’s attention. 

The problem of activation of the egg of D. cuprea will have to be solved before 
this egg can be used to any extent either for experimental purposes or for class 
use. Some histochemical tests have been run on these stages (Allen, 1957) and 
it is hoped that in working further with the eggs of D. cuprea some of the problems 
noted will be solved. Further details of development may then be worked out to 
serve as a basis for experimental and histochemical studies. 


SUMMARY 


1. Larvae of Diopatra cuprea (Bosc) have been raised, following artificial fer- 
tilization, to a stage with seven sets of setae. Observations on living stages and 
also on fixed and stained preparations have been described and photographed. 

2. Cell lineage studies have not been made, but observations indicate that the 
early cleavages are typical of those for spiral cleavage and that the ciliated stage 
(age, three hours) has a typical annelid cross and apical rosette. It, therefore, 
seems justifiable to conclude that the development of Diopatra cuprea follows the 
typical spiral pattern and mosaic development characteristic of other polychaetous 
annelids. 
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3. Peculiarities of the development of this polychaete, and possibly of closely 
related species, are the following: the peculiar algal-like nurse cells attached to 
the developing oocyte (also characteristic of Onuphis eggs) when floating free in 
the coelom, the amazing rapidity of development to the free-swimming stage (three 
hours ), the four plates of cells which appear to develop from cells of the prototroch 
and their peculiar posterior extensions into at least four plates of yolk spheres, 
and the asymmetry of the maxillary plates. 

4. Very little can be found in the literature on the embryology of the genus, 
Diopatra, and at least two authors have pointed out the possibility of error as to 
species in the identification of the developmental stages. Evidence is presented 
here which indicates that the early embryological and larval stages described by 
other investigators have been erroneously assigned to Diopatra cuprea. 

5. If the above is correct—and it would appear that Diopatra cuprea is the only 
onuphid found intertidally in the Woods Hole area—one may conclude that the 
investigation presented by the writer is probably the only study recorded in the 
literature on the early developmental stages of Diopatra cuprea (Bosc). This is 
exclusive of Monro’s description of the later (post-larval) stage which, if not be- 
longing to D. cuprea, is undoubtedly closely related to this species. 
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A CONTRIBUTION TO THE BIOLOGY OF A DEEP SEA ECHINOID, 
ALLOCENTROTUS FRAGILIS (JACKSON)? 


R. A. BOOLOOTIAN,? A. C. GIESE, J. S. TUCKER AND A. FARMANFARMAIAN 


Hopkins Marine Station of Stanford University, California 


In February, 1957, a hydrographic team * from the Hopkins Marine Station 
accidentally discovered a bed of Allocentrotus fragilis (Swann, 1953) at a depth 
of 68 to 98 fathoms in Monterey Bay, California. This discovery was made during 
a routine hydrographic run. At the time a mid-water plankton haul with a stand- 
ard one-meter net was in progress. The Hopkins Marine Station research vessel, 
the “Tage,” had apparently drifted with the onshore current. When the net was 
surfaced, to their surprise and delight, the team found approximately two dozen 
specimens of the deep sea urchin, Allocentrotus. This was the first time that the 
animal had been obtained alive and intact in large numbers. At this spot the 
fathometer indicated 80 fathoms and a radio “fix” recorded the position of the boat 
to be 36°37'54” N and 122°01'12” W. All subsequent hauls were started from 
this station. 

Since a project on the biology of the shore sea urchins, Strongylocentrotus 
purpuratus and S. franciscanus, was in progress at the Hopkins Marine Station, the 
chance finding of a bed of the deep sea urchins was of immediate comparative inter- 
est. Consequently, whenever possible, studies were made on the biology of Al- 
locentrotus for comparison with Strongylocentrotus. 

The oceanographic vessel, “Tage,” was used for all work reported here. For 
dredging a four-meter beam trawl was employed. The average dredging time was 
twenty minutes. The entire sample, consisting of a variety of organisms, was 
brought into the laboratory in live condition in a tub of sea water. The animals 
were sorted and placed in separate tanks of running sea water. The species were 
identified and at times the number of individuals counted. 

The gonad index of the sea urchins, indicating the reproductive condition of 
the urchins, was determined as in previous studies, as were also the biochemical 
constituents of body fluid and tissues (Lasker and Giese, 1954; Bennett and Giese, 
1955). 


Habitat of Allocentrotus 


Some of the physical features of the habitat of Allocentrotus should be con- 
sidered in order to gain an understanding of the conditions under which this species 


1 This research was supported by USPH Grant 4578C to A. C. Giese. We are indebted to 
Dr. L. R. Blinks, Director of the Hopkins Marine Station, for making available the facilities 
of the laboratory, to Dr. R. L. Bolin for facilitating the use of the “Tage,” to Dr. D. P. Abbott 
for sustained interest in the study, and to Mr. Joseph Balesteri, skipper of the “Tage,” for his 
cooperation. 

2 Now at the Department of Zoology, University of California at Los Angeles. 

3 Under the direction of Professor R. L. Bolin of the Hopkins Marine Station and including 
Mr. Thomas Fast and Mr. Robert Aughtry operating with the financial assistance of Grant 
N60NR-26127 and Grant NSF-G-1780. 
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lives in this area in Monterey Bay. By systematic grid dredging, the area of the 
sea urchin bed was estimated to be about one square mile. The depth of the area 
in which the urchins were taken varies between 55 to 90 fathoms, the shallow part 
of the bed lying on the continental shelf, the deeper part bordering the Monterey 
Canyon. 

Dredges at various depths indicate that the larger animals tend to inhabit the 
deeper regions near the Canyon, whereas the smaller animals are more frequently 
found in shallower areas. These results are summarized in Table I. 

The area nearest the Canyon is relatively flat and is composed of gravel and 
sand overlying gray silt (Galliher, 1932a, 1932b). From time to time, however, 
large boulders mainly of granite and shale, the largest of which weighed approxi- 
mately 15 kilograms, were brought up in the dredge. In the shale young urchins 
were frequently observed in their burrows, as illustrated in Figure 1E. As the 
shoreline is approached the configuration of the bottom is somewhat changed, con- 
sisting mainly of granitic rock and coarse sand. 


TABLE [| 


Sizes of Allocentrotus taken at various depths 


Bathymetrical range Range in size of test diameter* 
in fathoms in mm. 
55-65 11.2-— 21.3 
60-65 11.2— 18.0 
68 13.3— 29.4 
65-90 55.0—103.3 


* The measurement was made across the widest part of the test (the ambitus). 


Olga Hartman (1955) has published a photograph of Allocentrotus taken at 
350 to 400 fathoms in the San Pedro Basin 11 miles northeast of Avalon, Catalina 
Island, California. It was found in a sandy mud which appears to be relatively 
flat except for small mounds. 

As this species has been taken from 48 to 417 fathoms (Clark, 1912), the data 
considered in this paper represent only a limited aspect of the habitat of Allocentro- 
tus. It is possible that for the larger range over which it occurs, physical condi- 
tions other than those described above may obtain. 


Animals associated with Allocentrotus 


Since the organisms found in the same habitat as Allocentrotus may play a role 
in the ecology of the species, all of the organisms which came up in the beam trawl 
were identified when possible and counts of their numbers were made to ascertain 
their relative abundance. These organisms are listed in Table II. It is observed 
that protozoans, coelenterates, annelids, nematodes, mollusks, arthropods, echino- 
derms and fishes are found in the association. The interrelationships between 
the various forms have not been studied. 

Because of the random nature of the sampling it is difficult to say much about 
the relative abundance of the various species in the natural habitat. However, the 
crab, Mursia, is usually obtained, sometimes in large numbers as is the holothuroid, 
Stichopus and an unknown tectibranch. The starfishes Mediaster, Pycnopodia, 
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Figure 1. A, An adult Allocentrotus fragilis 67 mm. in diameter. B, A test of Allocen- 
trotus fragilis 73 mm. in diameter. C, A photograph of the aboral half of the shell of Allo- 
centrotus showing the gonads. D, The Aristotle’s lantern and the peripharyngeal coelom of 
Allocentrotus. E, A specimen of Allocentrotus fragilis (15 mm. in diameter) imbedded in its 
shale burrow. 


Henricia, Pteraster and Astropecten are also rather likely to be among the speci- 
mens brought up in the trawl. From the numerous species and their relative 
abundance it seems likely that the habitat of Allocentrotus is one with relative 
abundance of food. 

Olga Hartman (1955) found Allocentrotus in deep waters (350-400 fathoms ) 
in association with a variety of animals (legend to plate 2A): “A two-foot square 
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sample from the bottom yielded glass sponge, many foraminiferans, 20 or more 
species of annelids, many ophiuroids, and a large percentage of new or little known 


animals.” In her photograph of the benthos a crinoid and a sea star are seen among 
the numerous Allocentrotus which appear to be spaced about a meter from one 
another. 

It is of interest to note that a rhabdocoel parasite similar to Syndesmus francis- 
canus commonly found in the shore urchin (Lehman, 1946) was observed in the gut 
of several specimens of Allocentrotus, and the specimens are of the same size as 
those found in Strongylocentrotus. One, two or three at most, were found in the 
gut and the incidence of infection was low. 


TABLE I] 


Animals taken in association with Allocentrotus fragilis 


Protozoans 
Foraminiferans 


Coelenterates 
Psammogorgus 
Metridium sentle 


Annelids 
Three different species of polychaetes 


Nematodes 
A variety of specimens 


Mollusca 
Rosea pacifica (octopus) 
Numerous unidentified small gastropods 


Arthropods 
Crustaceans 
Munidopsis sp. 
Spirontocaris sp. 
Mursia quadichaudii 
Paguristes sp. 


Echinoderms 
Asteroids 
Mediaster aequalis 
Pycnopodia helianthoides 
Pteraster tessalatus 
Henricia aspera 
Orthasterias koehleri 


Echinoderms 
Stylasterias sp. 
Astropecten californicus 
Luidia foliolata 


Ophiuroids 
Gorgonocephalus eucnemis 
Two other species of brittle stars 


Holothuroids 
Stichopus californicus 


Vertebrates 
Fishes representing the following families: 


Liparidae 
Agonidae 
Zoarcidae 
Ophidiidae 
Cottidae 
Batrachoididae 
Scorpaenidae 
Bothidae 
Pleuronectidae 
Petromyzontidae 
Entophenus tridentatus 
Rajidae 
Raja sp. 
Chimaeridae 
Hydrolagus colliet 


Nutrition of Allocentrotus 


Although the Allocentrotus bed occurs in the euphotic zone (down to 200 meters 
according to Sverdrup et al., 1942), no conspicuous algae have ever come up in our 
numerous dredgings. The large algae serve as the main food of the shore urchins 
of the genus Strongylocentrotus (Lasker and Giese, 1954; Bennett and Giese, 
1955). The sediments collected along with Allocentrotus in the dredge hauls con- 
sist of a variety of decomposing organic materials in which strands of algae, diatoms, 
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sponge spicules, nematodes, foraminiferan and other shells, as well as other protozo- 
ans are found among numerous bacteria. Sometimes live nematodes and protozo- 
ans were observed in the mud. 

The gut usually contains numerous olive-green pellets measuring 1.2 to 2.8 
mm. in diameter, relatively compact but soft in texture. When these pellets are 
crushed and examined microscopically they are found to contain many small glassy 
rings (desmids?), foraminiferans, sponge spicules, a variety of diatoms, sand 
particles and unidentifiable organic particles. Acidification with HCl indicates that 
most of the skeletal particles are silicious since they do not dissolve. Treatment 
with concentrated H NO, oxidized all the fluffy organic material leaving the silicious 
diatom skeletons, sponge spicules and glassy rings. In the collection of July 25, 
1958 the intestines of all the animals sampled were more completely filled with 
pellets than in the other collections. The pellets were, in addition, a more vivid 
green than in all the other cases. Extracts indicated the presence of a brown pig- 
ment, fucoxanthin, plus a large amount of chlorophyll. The feeding was correlated 
with a rich plankton bloom in the surface waters nearby. In the collection made on 
August 14, 1958, some reddish pellets consisting entirely of organic debris and 
bacteria were found among the green ones. The constituents of the gut pellets are 
shown in Figure 2. 

Specimens of Allocentrotus which survive the hazards of the trip to the surface 
and arrive at the laboratory in good condition remain alive for many days. When 
the animals are kept out of water for even a brief time they lose body fluid and air 
is trapped inside the test, after which they float and die. Normal animals move 
about the aquaria like Strongylocentrotus purpuratus, though less actively, and they 
adhere less firmly so that they are more readily knocked off by even a small push. 
They right themselves much more slowly than the purple sea urchin. Attempts 
were made to feed Allocentrotus with boiled potatos, Phyllospadix (eel grass) and 
the algae, Ulva, Iridaea, and Gigartina, as well as with animal matter such as 
crushed mussel (Mytilus) and crushed deep sea crab (Mursia) after several days of 
fasting. The animals nibbled at some of the algae and at Mytilus and Mursta, 
dropping the material after a while, then going down to the bottom of the aquaria 
to nibble again. It would appear, therefore, that Allocentrotus is more selective 
than S. purpuratus, which eats almost any organic material when hungry and 
shows sustained intake for hours. However, it must be remembered that the speci- 
mens are being tested at sea level and at about 15--16° C. whereas they come from 
a deep sea environment where they are subjected to about 15 atmospheres of pres- 
sure and temperatures of about 9° C. It is difficult to say what their behavior 
might be in their natural environment. 

It has been shown that the gonads of a purple sea urchin are probably the main 
storage organs of the animal, the gonads in a gravid animal increasing to a size 
which all but obliterates the body cavity left unoccupied by the gut and its contents. 
The relative mass of the gonads in gravid Allocentrotus is much less than that of a 
gravid Strongylocentrotus. At its peak the gonad of Allocentrotus is still a delicate 
structure, both in size and in color (pale creamy-white in the male and yellowish 
in the female). The gut of an Allocentrotus is generally well filled with pellets, 
but it does not appear to be as full as the gut of the two species of Strongylocentrotus 


studied. It appears, then, that food is generally less available in deeper waters 
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Figure 2. Food pellets of Allocentrotus as seen under low and high powers. A, Food 
pellets as removed from the intestine (6). B, Crushed food pellets showing desmids (xX 60). 
C, Diatoms and sponge spicules in crushed food pellets (x 60). D and E, Foraminiferans in 
crushed food retiets (x 60) 
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than on the shore, except after an unusually rich bloom of plankton as in the col- 
lection of July 25, 1958. 

Like the gonad of the two species of Strongylocentrotus tested, the gonad of 
Allocentrotus contains a little stored glycogen (0.36 to 0.83 per cent or an average 
of 0.57 per cent of the dry weight), considerable protein (about 30 per cent of the 
dry weight), and a large store of lipid (an average of about 28 per cent of the dry 
weight). The chemical constitution of the gonad of Allocentrotus is much like 
that of the gonads of other species of sea urchins although it is smaller in proportion 
to body size. The perivisceral fluid, which is possibly one of the channels for distri- 
bution of the food from the gut, contains nutrients in solution much like the same 
fluid in the other species of sea urchins tested. Total nitrogen amounted to 3.78 to 
4.98 milligrams per cent, non-protein nitrogen to 1.28 to 1.34 milligrams per cent, 
and a small amount of lipid is present. A variety of cells is present in the peri- 
visceral fluid, resembling those of the other species of sea urchin (Boolootian and 
Giese, 1958) and a clot forms much as in the other species of sea urchins tested 
(unpublished data). 

Healthy specimens of Allocentrotus kept in aquaria at about 15° C. in the 
laboratory defecate very slowly. This may be an indication of a rather slow rate 
of digestion but it may be the result of the abnormal conditions in the laboratory. 
When animals with the gut loaded with food were brought in on July 25, 1958, 
they defecated copiously. Defecation may therefore depend upon how full the gut 
is at the time of collection. 

All specimens collected sooner or later fall prey to a peculiar disorder. Small 
spots of dark red color begin to appear on the surface of the test. These spots 
then spread, covering the animal with large blotches of color. The tube feet 
degenerate and the spines fall off after which the animal dies. Microscopic ex- 
amination of the spots indicates that they are composed mainly of dead eleocytes, 
the pigmented cells of the perivisceral fluid. 


Reproduction 


The first collection of Allocentrotus in February of 1957 contained individuals 
in full reproductive condition, the gonads of many males and females containing 
mature gametes in large numbers. The eggs were readily fertilized and normal 
development to the pluteus followed. Development was best at temperatures 
between 9°-14° C., cleavage being inhibited by higher temperatures.* The same 
was true for the second collection in March of 1957. However, the gonads of the 
animals collected in April no longer contained ripe gametes. Thereafter storms 
and other difficulties prevented collecting the urchins until September of 1957. 
The gonads of animals sampled in September, October, November and December 
of 1957 and in January of 1958 were well developed and of relatively large size 
until they spawned between January and the end of February, 1958, when the 
next collection was made. The gonads during the second breeding season were 
never as well developed as those of the first season, nor was as good a development 
of the embryonic stages observed.‘ 


* The results on development of Allocentrotus are being published by Dr. A. R. Moore in a 
separate report. We are indebted to Dr. Moore for permitting us to quote here and in footnote 
6 from his unpublished data. 
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The reproductive state of an animal can be ascertained by measuring the ratio 
of the volume of the gonad to the wet weight of the animal (Lasker and Giese, 
1954). This ratio times 100 has been called the gonad index. The average gonad 
indices determined in this manner are plotted in Figure 3. The course of the 
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Figure 3. A, Gonad index of Allocentrotus at different times from February, 1957 to 
July, 1958. B, Variations in phytoplankton during the years 1954 and 1955 as determined by 
Barham (1957). C, Variations of thermal monthly averages between 100-200 m. as reported 
by Skogsberg and Phelps (1946) for the years 1936 and 1937. Same locality as that used in 
the present study. 
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curve (dashed line) from April to September, 1957 is not known but since in 
1958 the gonads of animals obtained in July were just beginning to enlarge, a period 
of reproductive quiescence may have occurred from April to the end of June, 1957 
as happened in 1958.° 

All of the urchins used in determining the gonad index were mature, varying 
in wet weight from 45.5 grams to 264.0 grams and in test diameter ® from 55.0 
to 96mm. Even a population of mature animals of similar size shows considerable 
variability in gonadal development at a given time. During the period when the 
gonads of some individuals are well developed and large, the gonads of other 
individuals are shrunken or undeveloped. The variability of gonad size is con- 
siderably smaller when the gonads are immature or spent. 

The great variability in the gonad index during the breeding season may 
indicate: 1) that some individuals do not have access to adequate food to ripen 
or to maintain their gonads, 2) that some individuals have just spawned while 
others are ready to do so, or 3) that some individuals may be immature when 
others are gravid. A histological study of the gravid and non-gravid gonads 
might make it possible to decide between these alternatives. 


DiscusSION 


It is interesting to compare the biology of Allocentrotus fragilis to that of the 
intertidal sea urchin, Strongylocentrotus purpuratus and to that of the subtidal 
urchin, S. franciscanus. Whereas the inshore urchins generally graze on algae, 
Allocentrotus appears to graze on whatever organic material occurs in the substrate, 
but chiefly on organic detritus, bacteria, and microscopic animals and plants of the 
organic “rain.” S. purpuratus is, on the other hand, omnivorous. When trapped 
in a burrow with an opening smaller than the test diameter it feeds largely on the 
detritus brought by sea water. Ina sense, then, Allocentrotus represents an exten- 
sion of this special feeding habit of S. purpuratus. 

Allocentrotus lives in a community of invertebrates and fishes perhaps fewer 
in species and in numbers than the urchins of the intertidal and subtidal zone, 
although no decisive comparison can be made between the two communities because 
of the paucity of data for the deep sea community. It is also singularly interesting 
that a rhabdocoel containing hemoglobin should be present in the gut of the deep 
sea urchin as in the gut of shore forms. 

The data gathered in 1957-58 suggest that Allocentrotus has an annual breeding 
season although the span of the cycle cannot be defined precisely at the present 
time. During the fall and winter months from September, 1957 to January, 1958 
the gonad index remained high. In both 1957 and 1958 the gonad index fell pre- 
cipitously between February and March. It is of interest to correlate 1) growth 
of gonads, and 2) spawning with physical conditions in Monterey Bay. Among 
the possible variables are 1) light, 2) temperature, 3) salinity and minerals and 
4) planktonic bloom which may be correlated with upwelling. 


5 Only one Allocentrotus was obtained on August 14, 1957 but this male had a gonad index 
of 6.72 per cent, suggesting that the gonads were probably increasing in volume. Because of 
the general variability of size of gonads in any sample, the measurement is only indicative. 

6 The largest test diameter observed in specimens from Monterey Bay is 103.3 mm. 
according to Dr. A. R. Moore. 
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Although day-length has been correlated with breeding cycles of some inverte- 
brates and vertebrates (Borthwick et al., 1956), it does not seem likely that it is 
a controlling factor for Allocentrotus because of the low intensity of light at the 
depths in which this animal lives. However, some photoperiodic animals are 
affected by very low light intensities and to them the span of illumination is of 
greater importance than the intensity of the light. The possible action of light in 
timing the reproductive cycle of Allocentrotus is not excluded. 

Cyclic variations in temperature of the habitat of Allocentrotus have been ob- 
served (Skogsberg, 1936; Skogsberg and Phelps, 1946). The data for the years 
1936 and 1937 are given in Figure 3C at a depth between 100 and 200 meters. A 
seasonal rhythm is seen with low and fairly constant temperatures in spring and early 
summer. In May the temperature range at 150 meters was 8.2 to 8.5° C. in 1936, 
and 7.9 to 8.4° C. in 1937. In July the temperature at 150 meters began to rise, 
reaching a maximum by December at which time it ranged from 9.6 to 10.1° C. in 
1936, and was 9.3° C. in 1937. The difference between highest and lowest tempera- 
tures is greater during upwelling of cold waters than during the period of warmer 
waters. The temperature variations may be correlated with three major water 
movements: the Oceanic period lasting from September to October, the Davidson 
current period lasting from November through February, and the Upwelling period 
occurring from late February through August. The Oceanic period and the 
Davidson Current generally coincide with the high thermal phase and the some- 
what lower chlorinity, although chlorinity variation is never large (Skogsberg, 
1936). The onset of upwelling in late February coincides with the spawning of 
Allocentrotus and may act as the trigger for initiation of the spawning. The sub- 
sequent warmer phase coincides with the period of growth of the gonads. As is 
to be expected, surface temperatures were found to be more variable than deep 
water temperatures according to Skogsberg and Phelps (1946) and the more recent 
CCOFI report of 1958. 

The upwelling in Monterey Bay is followed by a phytoplankton bloom (Bar- 
ham, 1956), as seen in Figure 3B. It is possible that the phytoplankton is used by 
the planktonic larvae of Allocentrotus and by the metamorphosed young urchins 
themselves when they reach the sea bottom. In this way the timing of events 
in the breeding cycle may ultimately depend upon the food supply, the larvae ap- 
pearing at the most favorable time for their growth, namely, when phytoplankton 
is most abundant. All of these attempts to explain the breeding cycle of Allo- 
centrotus must be considered as tentative hypotheses for which substantiating data 
are still needed. 


SUMMARY 


1. Following a chance collection of a deep sea urchin, Allocentrotus fragilis, 
from a depth of 80 fathoms, it subsequently became possible to collect the urchins 
on numerous occasions from the same area. 

2. The area of the bed was determined by grid dredging and the nature of the 
habitat determined to be relatively flat, gravel and sand underlaid with gray silt 
containing organic detritus and microscopic organisms. 

3. The deep sea urchin appears to graze on the bottom since the organisms and 
organic debris of the bottom sediment appear in little pellets in its gut. 
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4. Many types of invertebrates are associated with Allocentrotus, including 
various other echinoderms. A variety of fishes is found as well. 

5. Individuals with mature gametes were obtained in February and March of 
1957 and during the period of September, 1957 to January, 1958. Spawn-out ap- 
peared to occur between February and March during both years. 

6. Attempts to correlate the life cycle of Allocentrotus with various environ- 
mental factors led to the suggestion that upwelling may trigger spawning. The 
planktonic larvae then presumably develop during the most effective time when 
the planktonic blooms occur. 
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The crabs which comprise the family Portunidae include several commercially 
important species and studies on their life history have been in progress for the 
last 100 years. Of the British species only Portunus puber (L.) has been success- 
fully reared in the laboratory through all larval stages to the first crab (Lebour, 
1928). Larvae of Carcinus maenas Penn. have been described by a variety of 
workers but the complete development is not known from laboratory rearing. Of 
the American species Callinectes sapidus Rathbun is the most important com- 
mercial crab in the Western Atlantic and Gulf of Mexico. Churchill (1942) 
described the larval development of C. sapidus by reconstructing the sequence of 
stages from planktonic material. Hopkins (1943, 1944), rearing the larvae through 
the third zoeal stage, found that not all of the stages fit the description given by 
Churchill (1942) and was of the opinion that the larvae described by Churchill 
(1942) represented several different species. The complete larval development of 
C. sapidus, from hatching to the first crab stage and beyond, was first reported from 
laboratory rearing by Costlow, Rees and Bookhout (1959). While a brief account 
is given of the number of stages, the duration of the intermolt periods, and the 
time required for complete development, the larval stages are not described nor 
is detailed information given on the various environmental factors under which 
complete development occurred. 

The present study has had two major objectives: one, to provide a detailed 
description of all the larval stages of Callinectes sapidus Rathbun reared in the 
laboratory ; and two, to determine the effects of salinity and temperature on larval 
development. 

MetTHODS 


Ovigerous Callinectes sapidus females were obtained from the Beaufort Inlet 
through the cooperation of Mr. David Beveridge, captain of the commercial 
trawler “Beveridge.” Additional females were obtained from crab pots placed in 
waters of lower salinity. The crabs were placed in glass battery jars containing 
running, filtered sea water of a salinity of 23-26 p.p.t. The battery jars were 
tilted so that the slight overflow passed through a series of glass trays. When the 
eggs hatched the larvae were carried into the glass trays by the overflow, removed 
by large-bore pipettes as they collected on the light side, and segregated into 
cultures of 50-75 zoeae per finger bowl. These were further subdivided into 


‘These studies were aided by a contract between the National Science Foundation and 
Duke University, G 4400. The authors wish to express their appreciation to Mrs. W. A. 
Chipman and Mrs. C. King for their assistance throughout the study. 
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plastic compartmented boxes with one zoea per compartment. Larvae which 
hatched from these crabs (Series a, c, and d) were maintained at 25° C., 26.7 p.p.t. 
with a photoperiod of approximately 12 hours light and 12 hours darkness. The 
larvae which would have been designated “b” did not hatch. 

To assure acclimation of the larvae to different salinities before hatching, other 
ovigerous crabs were placed in battery jars which did not incline but were 
partially filled with water of approximately the same salinity as the inlet water 
during the summer months (32 p.p.t.). Four salinities were obtained from the 
32 p.p.t. sea water by the gradual addition of appropriate volumes of distilled 
water. The four salinities used were: 15 p.p.t., 20.1 p.p.t., 26.7 p.p.t. and 31.1 p.p.t. 
The water used for the adult crabs was aerated but not changed. The crabs were 
not fed and any fecal material which did appear was removed. 

Some larvae which hatched at 20.1 p.p.t. were gradually changed to water of 
10 p.p.t. Additional zoeae were hatched and maintained through most of the 
larval period at 32 p.p.t. 


TABLE | 


Original number of Callinectes sapidus larvae maintained in 15 combinations of salinity and 
temperature. Because the larvae reared at 25° C., 26.7 p.p.t. were hatched from three 
different females at different times they are designated as a,c,andd. S 
per cent survival to first crab stage; *—maintained 
on shaker, 120/min. 


10.5 5 ‘ 26.7 31.1 


108 108 108 108 
100 100 100 1.0 a) 18* Doe 80 
108* 108* 108* c) 150* , 150* 1.3 1000T 
d) 100 4 
30 108 108 108 108 


+ Diluted to 28 p.p.t. on day 41. 


When hatching occurred in the jars without any overflow the zoeae were removed 
with a large-bore pipette to finger bowls. The salinity of the water in the finger 
bowls was identical to the water in which hatching had occurred. Both plastic 
compartmented boxes and Syracuse watch glasses were used as rearing containers 
for larvae within each salinity. Ten zoeae were maintained in each Syracuse 
watch glass and 6 zoeae in each plastic compartment. Zoeae in each of the salinities 
were maintained at three different temperatures : 20° C., 25° C., and 30° C. Zoeae 
of all series were fed Arbacia eggs and Artemia nauplii which were added each day 
when the larvae were changed to freshly filtered sea water and clean receptacles. 
Some plastic boxes were maintained on an Eberbach shaker (120/min.) at 25° C. 
but the majority of the containers were stationary (Table 1). The megalops and 
crab stages were fed Artemia nauplii plus beef liver. The compartments containing 
the zoeae were observed daily for exuvia and, at this time, the number of molts 
and the mortality were recorded. 

Drawings of the zoeal stages and megalops stage were made from the exuvia 
of known molts and from larvae preserved at a known stage of development. All 
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figures were made to scale on graph paper with the aid of a Whipple disc inserted 
in the ocular of a compound microscope. The detailed drawings of the appendages 
of each stage are also drawn to scale, different from that used for the whole larva, 
from appendages dissected out with glass needles. 


RESULTS 
Larval stages 


First zoea: The characteristics of the first stage zoeae agree closely with those 
given by Hopkins (1943). A small seta, described as between the dorsal and lat- 
eral spines of the cephalothorax (Hopkins, 1943) was not found. The abdomen 
has five segments plus a telson. As shown in Figure 1, A, B, the eyes are not 
stalked. The conical antennule (Fig. 1, C) bears a total of 5 terminal processes, 
the three aesthetes being longer and flatter than the two small setae. The proto- 
podite of the antenna (Fig. 1, D) is elongated, bears two rows of minute spines on 
the distal half, and the small exopodite terminates in two unequal setae. The 
mandibles are small, with a broad cutting surface (Fig. 1, E). The endopodite 
of the maxillule (Fig. 1, F) bears four terminal spines, equal in length, and two 
slightly subterminal spines. The basal and coxal endites of the protopodite have 
5 and 6 spines, respectively, and show slight bifurcation. The unsegmented endop- 
odite of the maxilla (Fig. 1, G) also bears four terminal spines and two sub- 
terminal spines. The basal endite of the protopodite bears four spines on each 
bifurcation and three spines project from each lobe of the coxal endite. The 
scaphognathite has three setae on the outer margin of the distal portion plus two 
apical setae at the proximal tip. The first maxilliped (Fig. 1, H) has 4 natatory 
setae (cut short in the figures) on the exopodite and a spine arrangement of 2, a 
0, 2, 5 on the 5 segments of the endopodite. The second maxilliped also has 4 
swimming hairs and a 1, 1, 4 spine arrangement on the three segments of the 
endopodite (Fig. 1, I). 

The second segment of the abdomen bears a short lateral knob and the third 
segment has a short hook on each side. Segments 3 to 5 also have prominent 
lateral spines which project caudally, overlapping the adjacent segment. A pair 
of small setae project dorsally from all abdominal segments other than the first. 
Each furcus of the telson bears a small dorsal spine and a larger lateral spine 
(Fig. 1, A, B). The inner margin of each furcus has three spines. 

The pattern of the chromatophores was consistent for all zoeal stages. The 
location of those evident in Bouins-fixed larvae were: between the eyes; posterior 
to the eye and dorso-lateral to anterior part of gut; dorsal to gut in posterior region 
of cephalothorax ; below base of carapace spine; mandible; distal region of basop- 
odite of first maxilliped; middle of first abdominal segment, dorsal to gut; margin 
of third through last abdominal segments. 

Second zoea: Eyes stalked. Number of aesthetes of antennule identical to first 
stage. Endopodite of maxillule bears 4 terminal and 2 subterminal spines (Fig. 
2, F); basal endite bears 7 spines and coxal endite has 7 spines; a small spine is 
now present on outer margin of protopodite. Basal endite of maxilla (Fig. 2, G) 
has 8 spines and coxal endite 6 spines. Five spines are present on distal margin 
of scaphognathite and two project from apical tip. On third segment of endopodite 
of first maxilliped, one spine is added (2, 2, 1, 2,5) (Fig. 2, H). The exopodite 
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Ficure 1. Side (A) and ventral view (B) of first zoeal stage of Callinectes sapidus with 
appendages. C, antennule; D, antenna; E, mandible; F, maxillule; G, maxilla; H, first maxil- 
liped; I, second maxilliped. Whole zoea, X 65; appendages, X 290. 
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Figure 2. Side (A) and ventral view (B) of second zoea of Callinectes sapidus with 
appendages. C, antennule; D, antenna; E, mandible; F, maxillule; G, maxilla; H, first maxil- 
liped; I, second maxilliped. Whole larvae, X 65; appendages, x 290. 
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Figure 3. Side (A) and ventral view (B) of third zoea of Callinectes sapidus with 
appendages. C, antennule; D, antenna; E, mandible; F, maxillule; G, maxilla; H, first maxil- 
liped; I, second maxilliped. Whole larvae, X 43; appendages, x 170. 
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Figure 4. Side (A) and ventral view (B) of fourth zoea of Callinectes sapidus with 
appendages. C, antennule; D, antenna; E, mandible; F, maxillule; G, maxilla; H, first maxil- 
liped; I, second maxilliped. Whole larva, X 43; appendages, < 170. 
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bears 6 plumose swimming setae. Endopodite of second maxilliped has one addi- 
tional subterminal spine (Fig. 2, I). This setation, 1, 1, 5, remains constant 
through the remaining larval stages. Exopodite of second maxilliped bears 6 
plumose swimming setae. Inner margin of each furcus of telson now bears one 
additional spine without setules (Fig. 2, B). 

Third zoea: Setation of antennule and antenna unchanged from previous stage. 
The mandible (Fig. 3, E) has several small teeth in addition to the broad cutting 
surface. Basal endite of maxillule bears 8 spines and 7 spines project from coxal 
endite (Fig. 3, F). Basal and coxal endites of maxilla (Fig. 3, G) have 9 and 7 
spines, respectively. Scaphognathite has 8 hairs on distal margin and 4 hairs 
at apical tip. A second, subterminal spine added to the fifth segment of the endop- 
odite of the first maxilliped gives a spine arrangement (2, 2, 1, 2, 6) which re- 
mains constant in the remaining larval stages (Fig. 3, H). The exopodites of 
both maxillipeds terminate in 8 swimming setae (Fig. 3, H, 1). A sixth segment 
has been added to the abdomen. It bears the small dorsal setae but does not have 
lateral spines (Fig. 3, B). 

Fourth zoea: A slight swelling in the basal region of the antenna indicates the 
beginning of the endopodite bud (Fig. 4, D). A small, unsegmented palp appears 
with the mandible (Fig. 4, E). The basal endite of the maxillule bears 10 ter- 
minal spines and one smaller subterminal spine (Fig. 4, F). Six spines project 
from the terminal portion of the coxal endite and two more appear at the margin. 
The basal endite of the maxilla bears 10 spines and 7 project terminally from the 
coxal endite (Fig. 4,G). The exopodites of both the first and the second maxilli- 
peds bear 9 swimming setae of unequal length (Fig. 4, H, 1). The lateral edges 
of the cephalothorax have three small setae (Fig. 4, A). 

Fifth soea: The developing endopodite bud of the antenna (Fig. 5, D) is larger 
than in the previous stage. The maxillule remains as in the previous stage but 
setation of the maxilla is increased to 8 spines on the coxal endite (Fig. 5, F) and 
the soft hairs on the scaphognathite are increased to 20. The number of swim- 
ming setae on the first maxilliped remains as in the previous stage (9) while the 
second maxilliped now bears a total of 11 setae. Buds of the third maxilliped, chela, 
and pereiopods are visible beneath the carapace. The number of setae pro- 
jecting from the edge of the carapace has increased. 

Sixth zoea: A fourth aesthete, subterminal to the original 3 aesthetes and 2 
setae, is added to the antennule (Fig. 6, C). Hairs appear on the small, unseg- 
mented palp of the mandible (Fig. 6, E). A plumose spine is added to the basal 
segment of the endopodite of the maxillule (Fig. 6, F) and the coxal endite bears 
a total of 9 spines. Spines on the basal endite of the maxilla (Fig. 6, G) have 
increased to 13 and the marginal hairs of the scaphognathite total approximately 25. 
There are 11 swimming setae on the first maxilliped and 12 on the second maxilliped. 

Pleopod buds appear for the first time on the abdominal segments 2 through 6 
(Fig. 6, A, B). A small, non-plumose spine is added to the 8 spines within the 
inner margin of the telson. The number of setae on the margin of the carapace is 
also increased. 

Seventh zoea: The terminal aesthetes of the antennule increase to 7 and 5 
subterminal aesthetes have been added (Fig. 7, C). The basal portion of the an- 
tennule is swollen and there is a slight indentation in the distal half. The devel- 
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Figure 5. Side (A) and ventral view (B) of fifth zoea of Callinectes sapidus with 
appendages. C, antennule; D, antenna; E, maxillule; F, maxilla; G, endopodite of first maxil- 
liped; H, endopodite of second maxilliped. Whole larva, X 43; appendages, < 170. 
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Figure 6. Side (A) and ventral view (B) of sixth zoea of Callinectes sapidus with 
appendages. C, antennule; D, antenna; E, mandible; F, maxillule; G, maxilla; H, endopodite 
of first maxilliped; I, endopodite of second maxilliped. Whole larva, X 43; appendages, X 170. 
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Figure 7. Side (A) and ventral view (B) of seventh zoea of Callinectes sapidus with 
appendages. C, antennule; D, antenna; E, maxillule; F, maxilla; G, endopodite of first maxil- 
liped ; H, endopodite of second maxilliped; I, third maxilliped. Whole larva, < 43; appendages, 
X 170. 
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Figure 8. Side (A) and ventral view (B) of eighth zoea of Callinectes sapidus and 
appendages. C, antennule; D, antenna; E, maxillule; F, maxilla. Whole larva, xX 32; ap- 


pendages, < 135. 
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oping endopodite bud of the antenna (Fig. 7, D) is approximately half the length 
of the antenna. The basal endite of the maxillule (Fig. 7, E) bears 17 spines and 
the coxal endite retains the 9 spines observed in the previous stage. The spines 
of the basal endite of the maxilla number 14 and 10 spines are present on the coxal 
endite (Fig. 7, F). On the scaphognathite approximately 29 soft, plumose hairs 
fringe the outer margin. The swimming setae have increased to 14 on the first 
maxilliped and to 13 on the second maxilliped (Fig. 7, A, B). The developing 
thoracic appendages have increased in size and project below the margin of the 
carapace. 

Eighth zoea: The aesthetes of the antennule are arranged in three tiers: 7 ter- 
minal, 6 subterminal, and 5 in the most basal row (Fig. 8, C). Basal portion of 
the antennule is more inflated and the endopodite is visible as a small knob. Endop- 
odite of antenna (Fig. 8, D) is now almost equal in length to protopodite and 
shows evidence of segmentation. Basal endite of maxillule (Fig. 8, E) bears 21 
spines and coxal endite has 15 spines. A second spine is added below the endop- 
odite. Spines of the basal and coxal endites of the maxilla have increased to 15 
and 10, respectively (Fig. 8, F). On the scaphognathite the plumose hairs have 
increased to approximately 36. Swimming setae on the first maxilliped have de- 
creased to 12 and 14 setae are found on the second maxilliped (Fig. 8, A, B). On 
the first maxilliped an epipodite, partially developed, bears short setae and soft, 
non-plumose hairs (Fig. 9, A). Exopodite of the third maxilliped (Fig. 9, C) 
bears two short terminal spines and the epipodite terminates in one small, non- 
plumose spine. Chela and pereiopods are larger and project well beyond border of 
the carapace. Pleopod buds (Fig. 8, A, B) bear short non-plumose hairs. Spines 
on inner margin of telson total 10. Four small hairs project dorsally from posterior 
margin of first abdominal segment. 

Megalops: Rostrum pointed, longer than antennules but shorter than antennae ; 
eyes stalked (Fig. 9, D, E). Appendages, eyes, and margins of carapace pro- 
vided with small hairs. 

Antennule (Fig. 10, A) now divided into peduncle of three segments and two 
flagella. The unsegmented flagellum bears 6 non-plumose setae and the four seg- 
ments of the other flagellum bear numerous aesthetes. The longer, terminal seg- 
ment also bears two non-plumose setae. The antenna is composed of 11 segments, 
some of which bear setae as shown in Figure 10, B. The mandible (Fig. 10, C) 
has a palp of two segments with 11 bristles on distal segment. Endopodite of 
maxillule (Fig. 10, D) has 4 spines on terminal segment and 6 spines on first 
segment. The number of spines on the coxal and basal endites has increased to 
17 and 25, respectively. Endopodite of maxilla (Fig. 10, E) reduced in size and 
bearing only three spines. There is an increase in the number of spines on endites 
of the protopodite and on the scaphognathite. 

First maxilliped (Fig. 11, A) is considerably modified from swimming ap- 
pendage of zoeal stages. Endopodite broader with 8 non-plumose setae on distal 
border. Exopodite of two segments, with 6 terminal setae on second segment. 
Epipodite well developed and fringed with long, non-plumose hairs. Second maxil- 
liped (Fig. 11, B) has endopodite of 4 segments with stout spines on terminal seg- 
ment. Exopodite is two-segmented with 6 terminal hairs. The epipodite is small. 
Third maxilliped (Fig. 11, C) with large endopodite bearing numerous spines on 
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Ficure 9. Appendages of eighth zoea and side and dorsal view of megalops of Callinectes 
sapidus. A, first maxilliped; B, second maxilliped; C, third maxilliped; D, side view of 
megalops; E, dorsal view of megalops; F, ventral view of abdominal segments of megalops 
(setae removed on alternate pleopods for clarity). Whole megalops, X 32; appendages, X 135. 








LARVAL DEVELOPMENT OF CALLINECTES 387 





Ficure 10. Appendages of megalops of Callinectes sapidus. A, antennule; B, antenna; C, 
mandible; D, maxillule; E, maxilla. X 135. 
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Ficure 11. Appendages of megalops of Callinectes sapidus. A, first maxilliped; B, second 
maxilliped; C, third maxilliped; D, terminal segment of third maxilliped. 135. 
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all segments; exopodite unsegmented and bearing 6 terminal setae; epipodite 
fringed at distal portion by soft, non-plumose hairs. Spine on lateral surface of 
basi-ischiopodite of cheliped (Fig. 9, D, E), and dactylopodite of fifth pereiopod 
has 5 terminal spines. Cornua project from posterior edge of cephalothorax 


TABLE II 


Time of molting, expressed as days after hatching, for larvae of C. sapidus in salinity-temperature 
combinations in which development was complete or partially complete 





} —* 20.1 26.7 31.1 

25 6-13 1) 7-9 7-13 
Molt | c) 6-12 
d) 7-9 
30 5-11 

25 12-16 a) 10-12 11-19 
Molt II c) 10-20 
d) 10-12 
30 11-16 

25 17-27 a) 15 15-27 
Molt III c) 17-26 
d) 14-23 
30 14-18 

25 24-30 a) 19 20-29 
Molt [V c) 20-32 
d) 18-26 

25 28-34 a) 22 24-39 
Molt V c) 24-39 
d) 22-33 

25 38 a) 27 29-43 
Molt V1 c) 28-39 
d) 26-38 

25 43 a) 31 35-47 
Molt VII c) 35-49 
(to megalops) d) 32-45 

25 50 a) 37 45-55 
Molt VIII c) 50-55 
(to crab) d) 39-53 


(Fig.9, E, F). Fifth abdominal segment retains lateral spines, projecting caudally 
past the smaller sixth abdominal segment (Fig. 9, D, F). Endopodites developed 
on all pleopods other than fifth pair. Exopodites of pleopods on segments 2 
through 6 with 24, 23, 22, 21, and 12 long, non-plumose setae (Fig. 9, F). Four 
small, curled spines are found on inner surface of endopodite of the pleopod of 
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the second abdominal segment and three similar spines are present on endopodites 
of remaining pleopods. Telson with 6 to 8 short spines on posterior border. 


Larval development 


Hatching was observed at all experimental salinities except 15 p.p.t. In water 
of 20.1 p.p.t.-32 p.p.t. the zoeae hatched as first stage larvae and the so-called “pre- 
zoea” was never observed. Complete development to the first crab stage occurred 
in the four temperature-salinity combinations shown in Table I. 

As shown in Table II, the time of molting of the three series of larvae main- 
tained at 26.7 p.p.t., 25° C. (Series a, c and d) was similar. The first molt oc- 
curred within the same period of time for larvae at 20.1, 26.7, and 31.1 p.p.t. At 
these three salinities there was also little difference in the time of the later molts 
(Table IL) and in the range of time for complete larval development (Table III). 
The only difference in time required for total development was found in the 
series of larvae hatched and reared at 32 p.p.t. After dilution to 28 p.p.t. on 
day 41, at which time all the larvae had been either sixth or seventh stage zoea 


TABLE III 


Number of days observed for development of all zoeal stages (Z), duration of the megalops stage (M), 
and time for total development to the first crab stage (T) for larvae of Callinectes 
sapidus hatched and maintained at 25° C. in the salinities shown 


20.1 26.7 31.1 32.0* 
Z M I Z M I Z M I Z M I 
43 7 50 | a) 31 6 37 | 35-47 | 10-20 | 45-57 | 46 i5 | 61 
b) 35-49 | 7-9 | 44-56 
d) 32-45 | 69 | 38-53 


* Diluted to 28 p.p.t. on day 41. 


for some time, some molted to the megalops stage and eventually metamorphosed 
to the first crab on day 61. 

The one series in which zoeae completed the first three molts at 30° C., 
26.7 p.p.t., shows no significant difference in the time of the molts in spite of the 
additional 5° C. in temperature (Table II). 

Mortality of C. sapidus larvae (Table IV) was highest during the first two zoeal 
stages in all temperature-salinity combinations. In all salinities larvae never went 
beyond the first zoeal stage when maintained at 20° C. At 10.5 and 15.6 p.p.t. 
mortality was also highest during the first stage at all three temperatures. Larvae 
maintained at one temperature-salinity combination, 25° C., 15.6 p.p.t., did molt 
to the second stage but died within a few days (Table IV). Once the second molt 
had been completed some of the remaining larvae usually lived to complete meta- 
morphosis to the crab. 

The number of zoeal stages of C. sapidus varied from 7 to 8. Most of the 
larvae which molted to the megalops did so following the seventh zoeal stage but 
one completed 8 zoeal stages and then metamorphosed to the megalops. The 
majority of the eighth stage zoeae died without additional molts. The variation 
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TABLE IV 


Mortality of larvae of Callinectes sapidus at different stages, expressed as per cent of 
original number of zoeae, in those temperature-salinity combinations 
which permitted at least partial development. 


























eo 15.6 20.1 26.7 31.1 

Stage | 25 95 42 a) 72.2 53.3 
c) 30.0 
d) 11.0 

30 95 58.3 60.1 

Stage II 25 5 36 a) 16.7 22.8 
c) 57.5 

d) 42 

30 5 37.0 37.0 

Stage III 25 11 a) 5.5 12.0 
c) 3.5 
d) 10.0 

30 2.7 2.8 

Stage IV 25 8 a) 0.0 0.6 
c) 2.0 
d) 5.0 
30 1.8 

Stage V 25 1 a) 0.0 4.6 
c) 0.0 
d) 9.0 

Stage VI 25 1 a) 0.0 0.6 
c) 0.0 
d) 9.0 

Stage VII 25 0.0 a) 0.0 4.0 
c) 0.0 
d) 4.0 

Megalops 25 0.0 a) 0.0 0.0 
ce) 43 
d) 1.0 


in number of stages occurred within one salinity-temperature combination (26.7 
p-p.t., 25° C.) as well as in the other salinities. The megalops stage metamor- 
phosed directly to the first crab stage. 


a 


DISCUSSION 
Larval stages 


The only existing description of all larval stages of Callinectes sapidus (Churchill, 
1942) is based entirely on reconstruction from planktonic material. Hopkins 
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(1943, 1944) was able to rear C. sapidus through the first three zoeal stages and 
concluded that Churchill’s (1942) description of the larvae included zoeae from 
several species. Reconstruction of the stages in larval development is always 
susceptible to this error in an area which includes more than one species. By 
rearing zoeae, liberated in the laboratory from the egg mass of an identified female, 
the species can definitely be known and confusion resulting from the mixing of 
larvae from several species is avoided. 

The larval development of many crabs has been reported to include a “pre- 
zoeal” stage. The “pre-zoea” is described for C. sapidus by Robertson (1938) and 
by Churchill (1942). In the present study the larvae, although varying con- 
siderably in size, always hatched as first zoeae in salinities of 20.1, 26.7, 31.1 and 
32 p.p.t. Lochhead, Lochhead and Newcombe (1942) observed that 90 per cent 
of the eggs hatched as first zoeae under “favorable conditions” but that “pre-zoeae” 
were obtained if conditions were “unfavorable.” Sandoz and Rogers (1944) found 
hatching to be associated with salinity: below 20 p.p.t. the per cent of larvae which 
emerged as “pre-zoeae” increased. 

The setation of the maxillipeds of C. sapidus larvae has been given by Churchill 
(1942) and, for the first three stages reared in the laboratory, by Hopkins (1943, 
1944). The results of the present study agree with previous findings for the first 
two zoeal stages. Beginning with the third zoea, however, our description does 
not agree with that given by previous workers. Churchill (1942) gives 6 and 7 
setae for the first and second maxillipeds, respectively, Hopkins (1944) found 8 
and 9 setae, and we observed 8 swimming setae on each maxilliped. Hopkins 
(1944), describing a fourth stage zoea obtained from the plankton, gave the setation 
of the first and second maxillipeds as 8 and 10 while we found it to be 9 and 9. 

Robertson (1938) and Churchill (1942) put great emphasis on the cornua as 
a distinguishing feature of the C. sapidus megalops. Aikawa (1937) described the 
megalops of several species of Portunus, obtained from the plankton, and included 
the cornua in the figures for these species. Aikawa (1937) also mentioned the 
hook on the basi-ischiopodite of the chela and the lateral spines on the fifth ab- 
dominal segment of the megalops. Lebour (1928), describing the megalops of 
Portunus puber reared from the egg in the laboratory and megalops of other species 
of Portunus obtained from the plankton, did not figure or describe these three 
characters for any species of Portunus. 

The present description of setation of the maxillule and maxilla agrees with 
Hopkins’ (1943, 1944) findings for the first three stages. In many previous studies 
on larvae of the Brachyura the zoeae have been staged very largely by differences 
in the number of swimming hairs on the first and second maxillipeds. Aikawa 
(1937) compares setation of the maxillule and maxilla for a great variety of 
brachyuran larvae but includes only the first stage zoea. In each zoeal stage of 
C. sapidus examined in the present study it was found that there was always a 
progressive change in the setation of the maxilla. Setation of the maxillule was 
also different, except for the fourth and fifth zoeae. Hence these appendages, and 
others, may be important in staging larvae of different crabs. The significance of 
these appendages as diagnostic characters, however, will have to await a com- 
parative study of all stages in the larval development of other species of crabs. 








LARVAL DEVELOPMENT OF CALLINECTES 


Larval development 


Although the effects of salinity and temperature on larval development of other 
crabs have been studied (Coffin, 1958 ; Costlow and Bookhout, unpublished results), 
Sandoz and Rogers (1944, 1948) give the only available data dealing specifically 
with the blue crab, Callinectes sapidus. In the present study on larvae of this 
species the results agree closely with those reported for the first zoeal stage by 
Sandoz and Rogers (1944). 

If the salinity were reduced beyond 20.1 p.p.t. by dilution with distilled water, 
the zoeae did not usually live beyond the first molt. Sandoz and Rogers (1944) 
obtained some second zoeae at 20 p.p.t. and 25 p.p.t. (24°-29° C.) but the few 
which molted to the third stage did not live. In the present study the time of 
molting (Table II) was quite variable, even within one salinity-temperature com- 
bination. Sandoz and Rogers (1944) reported an average of from 6-7 days for 
the first molt at 20 and 25 p.p.t., 24°-29° C., although some larvae molted as late 
as the eleventh day. In the present study the first molt was completed in from 
5 to 13 days in several salinity-temperature combinations (Table II). The later 
molts became more variable in time in all three salinities in which development was 
complete. 

In the present study isolated larvae did molt and successfully complete develop- 
ment to the crab stage. Sandoz and Rogers (1944) did not observe any molting 
among isolated larvae and all eventually died. 

One series of larvae, hatched and maintained for 41 days at 32 p.p.t., was of 
particular interest. The sixth and seventh stage zoeae were active but did not 
molt to the megalops. On day 41 the larvae were divided into three groups. The 
water containing one group of zoeae was reduced from 32 p.p.t. to 28 p.p.t. in 
approximately 4 hours. All zoeae of this group died within 24 hours. Water 
containing the second group of larvae was diluted to 28 p.p.t. over a period of 
approximately 24 hours. Five days later one zoea molted to the megalops and 
on day 61, metamorphosed to the crab. Larvae of the third group, retained at 
32 p.p.t., died without any additional molting. While the number of larvae used 
should not be relied upon for any definite conclusions, it may be pointed out that 
the larvae hatched and reared at 31.1 p.p.t. completed metamorphosis to the crab 
without dilution to a lower salinity. Thus it would appear that the threshold which 
exists in the upper range of salinities is abrupt and well defined. 

At 25° C. the duration of the megalops stage (6-9 days) was similar for larvae 
maintained at 20.1 and 26.7 p.p.t. (Table III). In the higher salinity (31.1 p.p.t.) 
10-20 days were required and in water diluted from 32 p.p.t. to 28 p.p.t., the 
megalops persisted for 15 days before molting to the crab. Sandoz and Rogers 
(1948) found little difference in the time required for the megalops to molt to the 
crab in 20 p.p.t. and 31 p.p.t. The 2.6-2.9 days which they record, however, were 
for stages obtained from the plankton and the exact age could not be known. If, 
as suggested by Sandoz and Rogers (1948), the megalops were approximately 2-3 
days old when first obtained, the total period of 5-6 days would correspond 
closely with our results at 20.1 and 26.7 p.p.t. 

Churchill (1942) estimated that zoeal development of C. sapidus in the Chesa- 
peake Bay was completed in approximately one month. Zoeal development in 
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the laboratory required a minimum of 31 days and a maximum of 49 days, at 
various salinities. In the laboratory 7 zoeal stages and one megalops stage were 
observed whereas Churchill (1942) described 5 zoeal stages and one megalops 
from planktonic material. 

The use of Artemia nauplii has proven successful in rearing a variety of decapod 
larvae (Broad, 1957; Chamberlain, 1957; Knudsen, 1958; Coffin, 1958; Costlow 
and Bookhout, unpublished results) and Cirripedia larvae have been reared from 
hatching to settling and metamorphosis on Arbacia eggs (Costlow and Bookhout, 
1957, 1958). The combination of Arbacia eggs and recently hatched Artemia 
nauplii used in the present study provides a source of motile food of different 
sizes. In our experience with other decapod larvae, also reared at different 
salinity-temperature combinations, the zoeae were vigorous and fed actively. 
C. sapidus larvae, even after completion of several molts, often appeared fragile 
and less vigorous than larvae of other species. Algae have been used unsuccessfully 
in attempts to rear the larvae of many decapods by previous workers. We have 
found that while C. sapidus zoeae will ingest many of the unicellular algae and 
live 10-13 days, the larvae never molt. Even though the gut is full of the cells, 
and fecal pellets are numerous, further development does not occur. In the present 
study algae were not used because zoeae which were provided algae have been 
observed to feed less actively on Artemia nauplii. Dean (1958) has suggested that 
what have been interpreted as differences in the nutritive quality of algae may 
represent “resistance” to digestion. 

The 7 zoeal stages described for C. sapidus may not represent the number of 
stages present in development under natural conditions. A main criticism of 
laboratory rearing has been that suboptimal conditions may produce “abnormal” 
stages and give a picture of larval development which is not consistent with that 
assumed to be found in the natural environment (Gurney, 1942). In the few 
existing examples of successful rearing of Brachyura in the laboratory no reference 
is made to “extra” or “abnormal” stages. Lebour (1930), dealing with larvae of 
the Anomura, noted that 5 larval stages usually represent the normal development 
of Galathea but that the fourth and fifth stages may be omitted. In the Macrura, 
Templeman (1936) found a stage in the larvae of Homarus americanus, inter- 
mediate in form between the recognized third and fourth stages, and attributed it to 
unfavorable rearing conditions. More recently, Broad (1957) has shown that the 
number of larval stages of Palaemonetes is directly associated with the availability 
of food. Lebour (1928), discussing the primitive nature of the Brachyrhyncha 
larvae, considers Portunus as the most primitive because of the many zoeal stages 
(5) and the spine structure of the telson. The 7 zoeal stages described for C. 
sapidus, a form closely allied to Portunus, may indicate a primitive adaptive quality 
which has, in part, accounted for the success of this species all along the Atlantic 
and Gulf coasts. 

If larval development is complete, and the post-larval stage is reached, it appears 
erroneous to refer to “abnormal” stages of development. Our present knowledge 
of the factors involved in the physiology of larval development of the Brachyura 
is too limited to predetermine the number of larval stages required for the develop- 
ment of any crab. 
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SUMMARY AND CONCLUSIONS 


The larvae of Callinectes sapidus Rathbun were reared in the laboratory from 
hatching to the post-larval stages under conditions which combined 20° C., 25° C., 
30° C., and 6 salinities (10.5, 15.6, 20.1, 26.7, 31.1 and 32 p.p.t.). Of the 3,014 
zoeae maintained in 15 different combinations of salinity and temperature 1-8 per 
cent completed development at 25° C., in salinities of 20.1, 26.7, and 31.1 p.p.t. 
The zoeal stages and megalops stage are described and figured. From this study 
the following conclusions may be made: 


1. Eggs hatched as first zoeae and the “pre-zoea” stage was not observed. 

2. Seven zoeal stages and one megalops stage were observed in the complete 
development to the first crab in the laboratory. An eighth zoeal stage was some- 
times observed but usually did not complete metamorphosis to the megalops. 

3. Setation of the maxillipeds and the maxillule showed a progressive increase 
with each larval stage and may be useful in the staging of species obtained from 
the plankton. 

4. Development to the megalops required a minimum of 31 days and a maximum 
of 49 days. The megalops persisted from 6-20 days in the salinities used. 

5. There is no significant difference in time of zoeal development in water with 
salinities of 20.1-31.1 p.p.t. 

6. At a higher salinity (31.1 p.p.t.) a greater length of time is required for the 
megalops to complete metamorphosis to the first crab than when reared in lower 
salinities (20.1-26.7 p.p.t.). 

7. Even though some zoeae completed development in salinities of 20.1-31.1 
p-p.t. mortality was usually highest during the first two zoeal stages. Below 
20.1 p.p.t. larvae rarely completed the first molt. 

8. The large number of zoeal stages may not reflect development under natural 
conditions. The 7 zoeal stages may, however, indicate a primitive adaptive 
quality which has accounted for the success of Callinectes sapidus Rathbun along 
the Western Atlantic and Gulf of Mexico coasts. 
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STUDIES ON THE FORM OF THE AMPHIBIAN RED BLOOD CELL 


JOHN DAVISON 
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Sciences, Florida State University, Tallahassee, Florida? 


To a student of cell form the erythrocyte is an ideal subject for investigation. 
It is a free cell, not permanently involved in contact with other cells, and it has a 
definite and relatively simple form. I recently published an account of a model 
which was proposed as a partial explanation for the elliptical form of the amphibian 
red cell (Davison, 1957). Since the model has served as a guide to the present 
work, I will briefly describe its salient features as an introduction to these further 
observations. 

The blood cells of the newt Triturus viridescens approximate thin elliptical 
discs in form. Viewed as plane elliptical figures, triploid cells have approximately 
1.5 times greater area than diploid blood cells, but are apparently no greater in 
thickness, a relationship similar to that described by Fankhauser for 2n and 3n 
skin epidermal cells (Fankhauser, 1952). Not only are the 3n cells larger, they 
clearly have a different shape than 2n cells, being more eccentric regarded as 
elliptical figures. Using the ratio of the major to minor axes (a/b) as an index 
to cell form, 2n and 3n Triturus red cells were found to have mean eccentricities 
of 1.55 and 1.82, respectively. 

It has long been recognized that liquid drops can, under the proper physical 
conditions, simulate many protoplasmic structures (Thompson, 1942). Reasoning 
that the blood cell exists in a system of cylinders, the blood vessels, I thought it 
might prove interesting to examine the form characteristics of a fluid drop in con- 
tact with a cylindrical surface. If one places a large (29 cm. in diameter) cylin- 
drical glass vessel with the axis horizontal, and pours mercury on the inside of 
the cylinder, the mercury will assume the form of a flat elliptical disc. Adding 
more mercury to the pool increases both the area and the eccentricity of the drop 
but does not appreciably increase its thickness. The model thus simulates the 
form differences observed between 2n and 3n blood cells. In the model the mercury 
is in contact with the cylindrical surface through the deforming force of gravity. 
In the animal it is clear that the blood cells are applied to the wall of the capillary 
but are not so oriented during their passage through larger vessels. No significant 
differences were found in the diameter of 2n and 3n capillaries, an essential point, 
since it is also clear from the model that the larger the cylinder the less eccentric 
the fluid drop. The latter observations from the model suggest that changes in 
capillary diameter should lead to alterations in red cell form, with an increase in 
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cell eccentricity following a decrease in capillary diameter and a decrease in cell 
eccentricity following an increase in capillary diameter. 

With this background in mind, the further objectives of the study may be 
stated as follows: 


(1) To examine cell form when expressed as a continuous function of cell area, 
especially with reference to the cross-sectional area of the capillary. 

(2) To examine the effect of changes in capillary diameter on red cell form 
under conditions of constant cell area. 

(3) To quantitatively relate these variables. 


ANIMALS AND METHODS 


Since both diploid and triploid spanish newts (Pleurodeles waltlit) were avail- 
able, this animal was selected to examine cell eccentricity as a function of cell area. 
Pleurodeles cells are less eccentric than those of Triturus, better permitting an 
analysis of the manner in which the blood cell approaches the circular form. The 
studies on adult Triturus followed the accidental discovery that cold-adapted 
(8.5° C.) animals have much more eccentric blood cells than the same animals 
maintained at room temperature (air conditioned 21° C.). Also one can con- 
veniently measure capillary diameter in the tail fin of adult Triturus, especially the 
males, while this is not possible in the heavily pigmented Pleurodeles adult. Capil- 
lary visibility is good in the larvae of both species. 

The animals were maintained either singly in small finger bowls or in groups 
of 5 to 6 in large finger bowls, and fed with beef liver or live Tubifex. The cold- 
adapted Triturus had been kept for several months in stainless steel trays in the 
refrigerator and fed weekly on live Tubifex while at room temperature for a few 
hours. 

Experimental procedures were essentially identical for all animals as follows: 
Blood was obtained by removing about 1 mm. of the tail tip with a pair of scissors 
and permitting the tail to bleed directly into a drop of buffered saline on a glass 
slide. The slide was examined immediately without coverslip and the outlines of 
about 35 cells traced by means of the camera lucida. Placing a coverslip on the 
preparation resulted in a certain amount of deformation so the practice was aban- 
doned in favor of working quickly before any appreciable drying could take place. 
Certain precautions that were taken should be mentioned. The slide should be 
very clean to prevent deformation due to adhesion between the red cell and the 
glass surface. All margins of the cell must come into focus at the same focal 
setting, indicating that the cell is resting on one elliptical surface and not oriented 
at an angle to the plane of observation. Following the tracing of a known linear 
dimension from a stage micrometer it was possible to determine both the area and 
the eccentricity of the red cell (area = 147ab, and eccentricity = a/b, with a and b 
the major and minor axes of the cell, respectively). A phosphate-buffered saline 
(pH 7.4) was found to be a suitable medium for the cells, 0.7% NaCl being approxi- 
mately isotonic for Pleurodeles and adult Triturus while 0.6% NaCl was more 
nearly isotonic for larval Triturus. 

Capillary measurements were made by lightly anesthetizing the animal by short 
term exposure to 0.1% chloretone solution, rinsing in tap water and placing the 
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animal on its side on a 5-inch square glass plate. Measurements of capillary 
diameter were made on the tail fin margin by means of a calibrated ocular microm- 
eter at about 430 x. Capillaries were identified as the smallest blood vessels con- 
stituting a uniform size class when a given portion of the circulation was traced 
from the arterial to the venous end, and through which the red cells pass in single 
file. It is important that anesthesia be light as considerable capillary collapse can 
occur in animals with partially arrested circulation. Measurements were restricted 
to vessels through which blood was flowing in normal fashion. The measurements 
on adult Triturus were carried out largely on males, not because of any sex differ- 
ences but because of better visibility in the broader tail fin of the male. The animals 
recovered from anesthesia in about one hour. 


2.0 


1.0 
o 900 


Figure 1. The relationship between cell area (u?) and cell eccentricity (a/b) in diploid 
and triploid Pleurodeles. The open circles represent the mean values for diploid and triploid 
blood cells. Other points were obtained by breaking the total sample into classes of 50 u? and 
plotting the mean values for area and eccentricity within each class. The arrow indicates the 
mean value for the cross-sectional area of the capillary of the tail fin. 


The relationship between red cell form and area was determined as follows with 
mature larvae of Pleurodeles. Approximately 150 cells from diploid animals and 
an equal number of cells from triploid animals were traced and the eccentricity and 
area determined for each cell. The mean values for 2n and 3n blood cells were 
determined from these samples. An additional 30 selected small cells and 30 
selected large cells were measured in order to extend the analysis over the widest 
possible range. The total sample was then arranged in order of increasing cell 
area, and broken into size classes of 50 w?. Within each size class the mean cell 
area and eccentricity were calculated. Eccentricity (a/b) was then plotted versus 
area for each size class together with the mean values for 2n and 3n blood (Fig. 1). 
No significant differences were found between 2n and 3n capillary diameter and 
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the average capillary cross-sectional area for about 40 determinations is indicated 
by the arrow in Figure 1. 

Triturus came from two sources. The males used for the temperature studies 
and the larvae represent stock originally from Farmville, Virginia. A small group 
of female animals of uncertain origin were found to have less eccentric blood cells 
than those of Farmville animals maintained at the same temperature. These females 
were unusually large and probably represent a genetically distinct population. In 
that regard it is interesting to note that the values reported for eccentricity in 
Missouri animals are different from any of the findings in the present study 
(Davison, 1957). Analyses were made of cell form, cell area, and capillary cross- 
sectional area for each of the following groups of animals: Farmville males at 
21° C., Farmville larvae at 21° C., females of uncertain origin at 21° C., Farmville 
males adapted to 8.5° C., and the same males during the adaptation period following 
transfer to 21° C. From 4 to 10 animals were measured from each group. Blood 
cell findings represent the means of from 90 to 200 measurements and mean capillary 


TABLE 


Cell | Capillary | K in the expression 


Source area yu? area yu? | (a/b) —1 = K (Acoii/Aecap.) 





Triturus 
Farmville males 583 149 ‘ 0.177 
Farmville males , 576 113 : 0.195 
Farmville males 590 170 . 0.184 
Farmville larvae } $23 | 211 : 0.178 
? females ir 4 242 i 0.163 
Pleurodeles 
Mature larvae (2n) 2 482 184 . 0.138 
Mature larvae (3n) 21 720 184 a 0.134 





* Standard deviations for cell area were uniformly about 20% of the mean and about 10% 
of the mean for capillary diameter and a/b. 


size was calculated from 40 to 100 measurements. The same animals were used 
for capillary and blood cell analyses. The time course experiment following transfer 
from 8.5 to 21° C. was carried out on a group of 6 Triturus on which daily 
measurements were made for a period of 6 days. The pertinent tabular data derived 
from these studies appear in Table I. 


RESULTS 


Cell eccentricity as a function of cell area is plotted in Figure 1. For values 
of a/b greater than about 1.3, a/b is essentially linear with respect to area and would 
pass through the origin if extrapolated. For values of a/b less than 1.3, eccentricity 
rapidly approaches 1 (circular form) as the area of the cell approaches the mean 
cross-sectional area of the capillary (indicated by the arrow in Figure 1). It is 
reasonable that if the red cell is no larger than the capillary it can pass through 
without deformation, accounting for the circular form of the smallest blood cells. 
Somewhat larger cells may be deformed as they pass through but not actually 
applied to the wall of the capillary, an interpretation which may account for the 
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curvilinear portion of Figure 1. Still larger cells slide through the capillary with 
one elliptical surface applied to the capillary wall, with their form determined in 
accordance with the linear portion of Figure 1. The graphic information in Figure 
1 may be given a somewhat more intuitive presentation as a series of forms in 
Figure 2. The central circle represents the capillary area (184 »?) while the sur- 
rounding blood cell forms were constructed from the data of Figure 1 at areas of 
300, 500, 700 and 900 yw”. In this and all other reconstructed cell forms the blood 
cells were assumed to be perfect ellipses in plane view and were first constructed 
on coordinate paper employing the basic property of ellipses that +*/a* + y?/b? = 1 
(a and b are the major and minor semi-axes of the ellipse). 

Figure 3 illustrates the reconstructed form of larval and adult Farmville Tri- 
turus cells and capillaries. The larval blood cell is slightly smaller and less eccentric 
while the larval capillary is larger. 


Ficure 2. The information in Figure 1 was used to reconstruct the form of the blood cells 
employing the property that +2/a?+ y?/b2=1. The central circle is the capillary (184 y?). 
The other figures represent cell forms at 300, 500, 700, and 900 u?. The lower line represents 
10 wu. 


Figure 4 indicates the form differences observed in Triturus males maintained 
at 8.5° C. (left) and 21° C. (center). The right hand figure illustrates red cell 
form and capillary size in Triturus females of uncertain origin (21° C.). It is clear 
from both Figures 3 and 4 that the larger the capillary the less eccentric the blood 
cell, a result previously suggested from considerations of the model system. The 
product of (a/b) — 1 and capillary cross-sectional area (Acap.) approximates con- 
stancy for adult Triturus in which cell area (Acen) is essentially constant. That is: 


(a/b) — l= k/A cay. 


The study of eccentricity versus cell area in Pleurodeles indicates for the linear 
portion of the curve (a/b greater than 1.3) that: 


(a/b) -l= k’ Accu. 
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Ficure 3. The form of the blood cells and capillaries of adult (left) and larval (right) 
Farmville Triturus reconstructed from the tabular data in Table I. The larval blood cell is 
slightly smaller. 


Ficure 4. The mean forms of blood cells and capillaries in Triturus adults constructed 
from the data in Table I. Farmville males at 8.5° C. (left), Farmville males at 21° C. (center), 
and females of unknown origin at 21° C. (right). All cells have approximately the same area. 





RED CELL FORM 403 


These two expressions may be combined to give an equation relating all three 
variables: a/b, Acen, and A cay. : 


(a/b) — 1 = K(Acon/Acap.)- 


The extent to which this equation adequately describes the relationship between 
these variables is clear from the uniformity of the constant K calculated from the 
data in Table I. Triturus values vary from 0.163 to 0.195, while the Pleurodeles 
values are somewhat smaller being 0.138 and 0.134 for diploids and triploids, 
respectively. 
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Ficure 5. The time course of the adaptation from 8.5°C. to 21°C. in Farmville male 
Triturus. Closed circles are capillary cross-sectional area measurements and open circles red 
cell area measurements (right ordinate). Triangles are eccentricities of the red cells (a/b) 
(left ordinate). Notice the break in the right ordinate (u?). 


A point of considerable interest is the time at which red cell form is determined. 
Two possibilities might be considered. The form of the cell might be determined 
at the time it first enters the circulatory system with subsequent changes in the 
capillary environment having no further effect on cell form. If this were true, 
average cell form should change slowly following a change in capillary diameter, 
with the total time period for the change equal to the life span of the erythrocyte. 
On the other hand, if red cell form is plastic, one might expect a more rapid 
response in red cell form following a change in capillary diameter, a result which 
would support the concept that red cell form is constantly subject to the forces 
acting on the cell during its passage through the capillaries. The latter view is 
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clearly favored by the time course data represented in Figure 5. Following trans- 
fer of the animals from 8.5 to 21° C., the increase in capillary diameter is complete 
within 3 days, while the change in red cell form is largely complete within the 
same period of time. There is, however, a clear lag in the cell form response and 
a somewhat greater time for the complete form transformation. It is interesting 
to note that there is a small transient increase in cell area corresponding to the 
time period when cell form is most rapidly changing. This increase may represent 
a temporary change in the osmotic properties of the cell dependent on alterations 
of the cell surface. 
Discussion 


The quantitative and temporal relationship between red cell form and capillary 
size clearly supports the concept that the form of the cell is determined, at least in 
part, by the size of the capillary through which the cell is passing. Alterations in 
capillary diameter lead to changes in cell form with kinetics supporting a view that 
the red cell form is plastic and not fixed. Since the reasoning leading to these 
analyses was influenced by considerations of the model system, a comparison be- 
tween the model and the biological systems may be useful. I would like to point out 
first, however, that model systems serve only to guide rationale, and certainly should 
not be taken as literal representations of biological reality. 

(1) There are gross differences between the relative sizes of the “capillary” 
and the “cell.” In the model the cylinder is many times larger than the mercury 
drop. In the living system the cell is elliptical only if its area exceeds that of the 
capillary cross-section, while in the model eccentricity steadily increases with drop 
area since the drop is always in contact with the cylindrical surface. 

(2) There is abundant evidence that the interior of the amphibian cell is fluid 
like the mercury drop. Norris studied the manner in which displaced nuclei re- 
turned to the center of the cell and concluded that except for the nucleus the cell 
interior is liquid with the shape of the cell conferred by an outer envelope (Norris, 
1939). Dawson presumed a liquid interior based on the observation of Brownian 
movement in the cell interior (Dawson, 1928). Based on microsurgical findings, 
Seifriz described the cell interior as essentially liquid with a plastic and elastic 
cell envelope approximately 0.8 » in thickness (Seifriz, 1926). The envelope thick- 
ness agrees well with more recent estimates based on polarized light analyses of 
human red cells (Mitchison, 1953). 

(3) The model system is static while the living system is of course dynamic since 
the cells are constantly moving through the circulatory system. It is of interest to 
note that although the blood cells are ellipses with symmetrical ends as observed 
at rest, they clearly do not have this form while passing through the capillaries. The 
advancing end of the cell is more rounded than the trailing end so that if the 
cell could be removed and flattened it would approximate a pear shape in plane 
view. This configuration may also be imitated with the model by tipping the 
cylinder and permitting the mercury drop to slowly flow along the surface of the 
cylinder. The dynamic form of the blood cell may be interpreted as further evi- 
dence for a fluid red cell interior. 

In summary, then, it appears that red cell form is a consequence of physical 
forces operating between the cell and the capillary wall. In answer to the classical 
dilemma of whether form determines function or function determines form one may 
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arrive at the inadequacy of either of these alternatives and conclude on the basis 
of these studies: form determines form. 


SUMMARY 


1. A mercury drop in contact with a cylindrical surface takes the form of a 
flat elliptical disc. Increasing the volume of the drop causes an increase in the 
area and eccentricity of the drop but causes no appreciable increase in thickness. 
With constant drop volume, the larger the cylinder the less eccentric the fluid drop. 

2. Analyses of blood cell form and capillary diameter in Triturus and Pleurodeles 
disclosed the following relationships. The red cell is circular if its area does not 
exceed that of the capillary. Eccentricity increases first in a curvilinear and then 
in a linear fashion as the red cell increases beyond the cross-sectional area of the 
capillary. Under conditions of essentially constant red cell area, eccentricity is 
inversely related to the cross-sectional area of the capillary. 

3. Based on the experimental findings the following equation may be derived 
relating red cell area, capillary cross-sectional areas and eccentricity (a/b) : 


(a/b) —-l= K (Acen/ A cap.) - 


4. Evidence for the physical nature of the red cell was discussed in relation 
to the model system. 
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In cockroaches, as in many insect species studied, a hormone released by 
the corpora allata is necessary for the maturation of eggs (Scharrer, 1946; Engel- 
mann, 1957). <A variety of intrinsic and extrinsic factors, such as pregnancy, 
egg resorption, or involution of the corpus luteum (Lischer and Engelmann, 1955; 
Engelmann, 1957), food supply (Scharrer, 1946; Johansson, 1955, 1958; von 
Harnack, 1958), and probably humidity and temperature are involved in the con- 
trol of the function of the corpora allata. Furthermore, in some cockroach 
species, mating accelerates the growth rate of the eggs and, therefore, increases the 
total number of eggs produced during the lifetime of the animal (Griffiths and 
Tauber, 1942; Roth and Willis, 1956; Wharton and Wharton, 1957). 

In Diploptera punctata, a viviparous cockroach, the influence of mating, an 
extrinsic factor, on egg maturation plays a more dominant role than in related 
species. In virgins, the maturation of the first batch of eggs takes several weeks 
or even months (Roth, personal communication), whereas after mating only 10 days 
are required for egg maturation (Roth and Willis, 1955). Since a variety of 
factors known to condition the activity of insect ovaries reach the gonads via brain 
and corpora allata (Scharrer, 1958) it seems probable that the stimuli exerted 
by the act of mating influence the ovary by the same route. 

The present paper deals with the elucidation of the control mechanism govern- 
ing female reproduction in Diploptera. Particular emphasis was given to the study 
of the pathways by which the mating stimulus reaches the ovary. 


MATERIAL AND METHODS 


All experimental animals were taken from a stock colony and maintained in finger 
bowls at room temperature of 22-26° C. They were fed dog chow and water. 
Daily records were kept of the reproductive activity of the females. The presence 
of a spermatophore in the bursa copulatrix of the female indicated mating, that of 
an egg case in the brood sac ovulation. 

Experiments such as castration, allatectomy, excision of the gonapophyses, and 
severance of nerves were performed under CO, anesthesia. The nervi corporis 
cardiaci or the nervi corporis allati were severed either by frontal or occipital 
approach. 

For the histological investigation of the corpora allata and for the determination 
of the completeness of the severance of nerves an organ complex consisting of 
brain, corpora cardiaca, and corpora allata was fixed either in Bouin-Duboscq’s or in 
Zenker’s fluid. The sections were stained in Gomori’s chrome hematoxylin phloxin 


1 Supported by U.S.P.H.S. Grant C-3413 administered by Dr. Berta Scharrer, and by a 
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or in aldehyde fuchsin as modified by Halmi. The volume of corpus allatum tissue 
per one million nuclei was determined by a formula given in an earlier paper 
(Engelmann, 1957). The data obtained, expressed as mean values for both corpora 
allata of a given specimen, indicate the degree of activity of the corpora allata; 
these values were correlated with the observed length of the oocytes. 


RESULTS 
1. The cyclic activity of ovary and corpus allatum 


In ovoviviparous or viviparous cockroaches there is no space for additional 
eggs within the brood sac of the female during the development of the embryos. 
Egg maturation in the ovaries must, therefore, be temporarily suppressed. Since in 
other species of cockroaches egg maturation depends on the activity of the corpora 
allata, we first looked for a possible relationship between the structure of the corpora 
allata and ovarian activity in Diploptera during an interval encompassing the first 
pre-oviposition, first pregnancy, and second pre-oviposition periods. The results 
which are reported in the following paragraphs provided a basis for experimental 
work. 

In Diploptera mating takes place a few minutes after emergence (Roth and Willis, 
1955). Within 9.43 + 0.22 days thereafter (53 animals observed in our labora- 
tory) the largest oocyte of each ovariole grows from about 0.55 mm. to a size 
of approximately 1.5 mm. and then ovulates. Large amounts of yolk are deposited 
in the oocytes during their period of growth. 

No eggs ripen in the ovaries during pregnancy, which follows ovulation and 
which lasts for 75.49 + 1.47 days (45 animals; see also Willis et al., 1958). There 
is merely a slight growth of the oocytes, but no yolk whatsoever is deposited until 
the second or third day before parturition. Then a more rapid growth of the 
oocytes accompanied by yolk deposition begins, so that on the day of parturition 
the largest eggs in the ovarioles measure about 0.87 mm. (Fig. 1). Within the next 
three or four days the eggs grow to full size; 5.98+0.17 days after parturition 
these mature eggs ovulate (45 animals). 

The activity of the corpora allata, as judged by the amount of cytoplasm, cor- 
relates with the activity of the ovaries. The relative and absolute amount of 
cytoplasm in these glands gradually increases during the first pre-oviposition period 
until a maximum of activity is reached at the fourth day after mating (Fig. 1). 
Values of less than 0.95 mm.* of total tissue per one million nuclei indicate that this 
gland is inactive; more than 1.45 mm.° tissue per one million nuclei represents a 
highly active gland. Between these figures there are varying degrees of activity. 
The cells of the corpora allata maintain a high activity for about four days, during 
which time most of the yolk is deposited in the oocytes. Shortly before ovulation, 
a decrease in the activity of the corpora allata is observed, so that on the day of 
ovulation the corpora allata contain only a small amount of cytoplasm. 

During pregnancy, when the ovaries are quiescent, the corpora allata are in- 
active, as shown by histological criteria (Fig. 1; see also Table II, a) ; the distribu- 
tion of the nuclei in the corpora allata is similar to that on the day of emergence, 
i.e., 0.84 mm.® gland tissue per one million nuclei. Shortly before parturition an 
activation of the corpora allata can be observed which gradually increases until 
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the second or third day after parturition (Fig. 1). After reaching a peak of ac- 
tivity, the cytoplasmic content of the glands decreases. The corpora allata are 
nearly inactive again at the time of the second ovulation. 

The second pre-oviposition period is three days shorter than the first. The 
growth rate of the oocytes, however, is about the same in both periods (Fig. 1), 
The shortening of the second period is merely due to the fact that yolk deposition 
in the second batch of oocytes begins already during the late days of pregnancy. 
The average peak of corpus allatum activity in the second reproductive period is 
below that of the first, but this difference is statistically insignificant. The reason 
for the variability of the data is, at least in part, that the onset of the second period 
of activity is not as clearly defined as that of the first period. Therefore, the 
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Ficure 1. Diagram indicating the morphological changes signalling cyclic activity in the 
corpora allata of Diploptera (upper curves), which are correlated with the growth of the 
oocytes (lower curves) during the first and second pre-oviposition periods. 


corpora allata of some females may have surpassed their highest activity when 
those of other females, fixed after the same interval, are still maximally active. 


2. The function of the corpora allata in the adult female 


The role of the corpora allata in the ovarian control of Diploptera was further 
elucidated by the removal of these glands. Allatectomy was performed two to 
four days after mating. In all nine animals thus operated the deposition of yolk 
in the oocytes beyond the stage characteristic of the day of operation was pre- 
vented. Twenty days after mating degeneration of most of the oocytes of the al- 
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latectomized animals had begun. It appears that by the fourth day after mating 
not enough corpus allatum hormone has been released into the circulation to permit 
the completion of egg maturation. Thus in Diploptera, in the same way as in 
other species of cockroaches, egg maturation depends on the activity of the corpora 
allata not only during the initial phase, but also during the time when most of the 
yolk is being deposited in the oocytes. 

The activity of the accessory glands of the female genital apparatus also de- 
pends on the function of the corpora allata, since no secretory material is detectable 
in the lumen of these glands in animals allatectomized shortly after mating. There 
is yet another type of secretory cell that seems to be under the control of the corpora 
allata as the following observation indicates. Around the sixth day after mating 
the spermatophore is extruded from the bursa copulatrix (53 animals). At the 
same time an aqueous fluid appears in the genital apparatus, which probably facili- 
tates the extrusion of the spermatophore. In allatectomized females the spermato- 
phore stays within the bursa, and the genital apparatus remains dry. In four nor- 
mally mated females, in which for undetermined reasons the corpora allata did not be- 
come active, as shown by the failure of eggs to mature, the spermatophores re- 
mained in the bursa copulatrix for 18 days at which time the females were fixed 
for further investigation. 

Thus it appears that the hormone released by the corpora allata serves at least 
three different functions in the adult female of Diploptera. It causes the deposi- 
tion of yolk in the oocytes, it activates the accessory glands of the female genital 
apparatus, and it stimulates an as yet unknown type of cell presumably present in 
the bursa copulatrix, whose secretion facilitates the extrusion of the spermatophore. 
The function of the accessory glands and of the secretory cells in the bursa seems 
to be regulated directly by the corpora allata, since this mechanism is not disturbed 
by ovariectomy. 


3. The control of the activity of the corpora allata by the brain 


In Diploptera, as in many other insect species studied, the brain innervates the 
corpora allata via the nervi corporis allati, which are a component of the nervi 
corporis cardiaci. Severance of these nerves was attempted in 44 virgins of Diplop- 
tera, one to 10 days after emergence. Activation of the ovaries, i.e., deposition of 
yolk in the oocytes, resulted in 39 of these animals, whereas in the five remaining 
roaches no ovarian activity was found. A histological study of the brain-corpora 
cardiaca-corpora allata complex of all 44 experimental animals was undertaken to 
check for the completeness of the severance of the nerves. In 16 of these animals, 
fixed nine to 33 days after operation, no severance or other disturbance of the in- 
nervation of the corpora allata could be detected histologically. This group of 16 
virgins includes the five cases mentioned above that matured no eggs; the remaining 
11 had matured their eggs. In all of these 16 virgins the corpora allata were in- 
active at the day of fixation. Obviously, the nerve severance had failed in this 
group. But how can egg maturation in 11 of these virgins be accounted for? 
Perhaps in these cases the nerves were squeezed or stretched during the operation, 
a situation which interfered with nerve conduction and thus led to temporary activa- 
tion of the corpora allata. Apparently the brain must have resumed the inhibition 
of the corpora allata a few days later. 
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In 21 animals of the operated group an interruption of the nerves which in- 
nervate the corpora allata could be detected histologically; all of these animals had 
active corpora allata, as determined by histological criteria. In all, egg maturation 
took place as a result of the activation of the corpora allata within a period similar 
to that normally observed after mating. From this it seems that mating does not 
cause a higher activity of the corpora allata than that which results from severance 
of the nerves that transmit inhibitory impulses to the corpora allata. One might 
conclude, therefore, that mating prevents the flow of inhibitory nerve impulses. In 
the remaining seven animals, which also matured their eggs, the success of the 
operation could not be determined, because parts of the tissue were lost during the 
histological procedure. It appears that severance of the nervi corporis allati in 
virgins results in activation of the corpora allata, which indicates that in unmated 
young females the brain restrains the function of the corpora allata by way of the 
nervi corporis allati. 

It was of further interest to determine whether the corpora allata severed from 
the restraining center in the brain remain active permanently or only for a period 
sufficient to induce the maturation of one batch of eggs. In order to test this point, 
15 virgins with severed nervi corporis allati were fixed 14 to 31 days after their 
first ovulation had taken place. In eight of these animals only one egg maturation 
had occurred; the size of the next oocytes in line in the ovarioles was about 0.40 
mm. at the time of fixation. This size is comparable to the measurements in preg- 
nant females at a similar interval after ovulation. The corpora allata of these eight 
animals were inactive as determined by histological criteria. The innervation of 
the corpora allata in these animals seems to have been incomplete. A few intact 
nerve fibers were observed in the sections. It may be that these had been squeezed 
and thus prevented from inhibiting the corpora allata for a short time, or these 
nerve fibers may have regenerated and thus may have resumed inhibition of the 
corpora allata. This might have been the case also in four additional virgins in 
which egg maturation had begun a second time, but had not progressed beyond an 
initial phase; here the largest oocytes measured on the average 0.62 mm. 20 to 30 
days after the preceding ovulation, whereas in normal pregnant females, after a 
similar interval, the oocytes measured only about 0.40 mm. In these operated 
virgins the resumption of the inhibition of the corpora allata may have taken more 
time and, therefore, a second growth period of the oocytes had been initiated. Only 
in three specimens, in which the separation of the corpora allata from the brain 
was complete at the time of fixation (interval over 40 days), the glands were active 
(average of 1.32 mm.* gland tissue per million nuclei). In these three animals, 
the corpora allata had induced the growth of a second batch of eggs to full size 
(1.50 mm.) within 24 to 30 days after the first ovulation. 

Thus, severance of the corpora allata from the restraining center in the brain 
results in a sustained activity of the glands. This activity persists at least long 
enough for two successive batches of eggs to mature. In the three animals with 
completely severed corpora allata the maturation of the second batch of eggs took 
considerably longer than that of the first. This may have two reasons. In the 
first place yolk deposition begins when the oocytes measure about 0.55 mm. which 
means that the oocytes next in line after ovulation have first to grow from about 
0.35 mm. to 0.55 mm. This initial growth of the oocytes results in a prolongation 
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of the pre-oviposition period which immediately follows ovulation. A second 
factor may be a restraining influence coming from the corpus luteum which, during 
its involution, seems to inhibit the growth of the next oocyte in line, as was reported 
in Leucophaea (Engelmann, 1957). 


4. The activation of the corpora allata by afferent stimuli 


In mated females of Diploptera the growth of the oocytes accompanied by the 
deposition of yolk began about one day after emergence, and was completed within 
10 days thereafter (53 animals; see also Table I, a). Among 45 virgins, on the 
other hand, the shortest interval in which egg maturation occurred was 37 days 
(one animal) ; at 60 days after emergence eight additional virgins had ovulated. 


TABLE I 


Experiments during first pre-oviposition period 








Fixation Corpus Ovary 
Operation Number allatum (length of 
(days after of (mm.3/1 the largest 
emergence)| (Days after|(Days after} animals million oocytes 
operation) | emergence) nuclei) in mm.) 


. Control: mated females 49 | 12 1.49+0.08 | 1.32+0.08 


. Severance of ventral nerve 
cord. No mating 0.95 +0.03 | 0.60 +0.02 


| 
| 
. Severance of ventral nerve 


cord followed by mating 0.85+0.02 | 0.61+0.02 


. Artificial mating. stimuli _| 1.03-+0.08 |0.72-+0.04 





SS | | a 
. Excision of gonapophyses_ | 1.33+0.14| 1.11+0.10 








. Control: virgin females : 0.84+0.02 | 0.59+0.01 











Numbers following + are standard errors. 


Of the remaining 36 animals 13 virgins ovulated within a period of two to five 
months, whereas 14 animals had not ovulated when they either died or were dis- 
continued for other reasons. Nine virgins had not ovulated even after five months. 
It is not definitely known whether or not all virgins eventually produce mature 
eggs without mating. It is obvious, however, that mating is essential for a normal 
growth rate of the oocytes maturing after emergence. 

One may now ask, whether mating is equally essential to induce the normal 
growth rate of eggs maturing after the first parturition. Therefore, 24 females 
were isolated at parturition. The next ovulation occurred 5.83 + 0.28 days there- 
after. In eight additional females, in which mating was allowed to take place on the 
first day after parturition, the pre-oviposition period took 5.75 + 0.37 days. Thus, 
mating does not accelerate the growth of the eggs maturing after parturition. 
From this it appears that giving birth may serve as a stimulus replacing that of 
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mating from the induction of egg maturation at a normal rate. Furthermore, there 
is sufficient viable sperm stored in the spermathecae from the mating before the 
first pregnancy, so that additional batches of eggs can be fertilized. 

If parturition activates the corpora allata and consequently the ovaries, how is 
it possible that yolk deposition in the second batch of oocytes begins a few days 
before parturition (Fig. 1)? The following observation may give an answer to 
this question. During the late days of pregnancy, when the abdomen of the female 
is distended by the ootheca, the animal rhythmically contracts the abdomen. The 
resulting movements of the egg case in the genital apparatus presumably initiate 
the activity of the corpora allata occurring before parturition. The observation 
that mating, as well as parturition, and presumably movements of the egg case in 
the genital apparatus, activate the corpora allata suggests that sensory receptors 
located in the genital apparatus receive those stimuli. It is likely that movements 
of the young hatching within the vagina (Roth and Willis, 1955) enhance the 


TABLE II 
Experiments with pregnant females 














| 
| Fixation | 
| | Corpus | Ovary 
Operation Number | allatum (length of 
(days after | (Days after | of (mm.?/1_ | the largest 
| ovulation) | removal of |(Days after) animals million | Oocytes 
ootheca or | ovulation) nuclei) | in mm.) 





|parturition) 





0.8340.02 | 0.40+0.01 


ee 




















a. Control: pregnancy ; — | — | 462 11 
b. Removal of ootheca 0-41 | 3-31 | 19-58 13 |0.95+0.03 | 0.56-+0.06 
c. Removal of ootheca followed) | | 
by mating (within 4 to 6 35-38 8-15 | 45-50 | 5 1.35+0.12 | 1.20+0.19 
days) 
d. Control: parturition [ = | @e — 5 1,100.08 | 1.14+0.06 








Numbers following + are standard errors. 


activity of the corpora allata resulting from the rhythmical contraction of the ab- 
domen prior to parturition. It is not known, however, whether the initial activa- 
tion of the corpora allata by the movement of the egg case in itself would be suf- 
ficient to bring about complete egg maturation. From the facts reported here and 
in the preceding paragraphs it appears that in Diploptera afferent stimuli are solely 
responsible for the induction of a normal growth rate of the oocytes in the ovaries. 
This conclusion was further substantiated by an additional experiment. After 
the removal of the egg cases from five pregnant females maturation of the next 
batch of eggs took at least 41 days when no mating was permitted. On the other 
hand, if mating was allowed after egg case removal, the oocytes matured within 9 
days after mating (Table II,c). The time required for the maturation of the eggs 
after removal of the egg case and subsequent mating, and that after mating following 
emergence are practically the same. Again, an external factor accounts for the 
induction of egg maturation at a normal rate. 
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If stimuli, received in the genital apparatus during mating and parturition, acti- 
vate the corpora allata, a transmission of these stimuli to the brain and corpora 
allata via the ventral nerve cord has to be postulated. In order to test this point the 
ventral nerve cord was severed in 16 virgins 1-3 days after emergence. Eight of 
these animals were allowed to mate afterwards, whereas another eight animals were 
kept isolated as controls. None of the operated and mated females showed matura- 
tion of the eggs. The corpora allata must have remained inactive and, conse- 
quently, in these animals yolk deposition was completely prevented (Table I, c). 
The same was the case in the eight females, which did not mate after severance of 
the abdominal nerve cord (Table I, b). From these experiments one may con- 
clude that stimuli received in the genital apparatus during the act of mating, and 
presumably also during parturition, are transmitted via the ventral nerve cord to 
the brain and corpora allata. 

Further experimental proof for the conclusion that stimuli are received in the 
genital apparatus seemed desirable. Therefore, a small artificial spermatophore, 
made of glass, was pushed into the bursa copulatrix of virgins (Table I,d). Most of 
these artificial spermatophores remained in the bursa copulatrix for the duration of 
the experiment, but in some cases they were extruded and had to be replaced. A 
few days after successful implantation of the “spermatophores” the animals were 
sacrificed in order to check the degree of maturation of the oocytes and to determine 
histologically the state of the corpora allata. Among eight animals five had be- 
gun to deposit yolk in the oocytes. This result is not as clear-cut as that after 
mating (Table I, a), which might be due to the fact that a glass spermatophore is 
too smooth to afford sufficient stimulation. Furthermore, normal mating may last 
up to several hours during which time the movements of the male provide a more 
efficient stimulation of the genital apparatus than that caused by deposition of a 
smooth artificial glass spermatophore. 

Apparently mating alone, without the deposition of a spermatophore, also induces 
activity of the corpora allata (Roth, personal communication). On the other hand, 
from the fact that yolk deposition in some of the experimental animals was in- 
duced by artificial mating, it appears that mechanical stimulation during the act of 
mating or during parturition tends to activate the corpora allata and in turn to 
induce maturation of the oocytes. 

As stated above, it was thought that sensory receptors on the gonapophyses of 
Diploptera are involved in the perception of these mechanical stimuli. For this 
reason in 12 virgins all three pairs of gonapophyses were excised in order to pre- 
vent the perception of stimuli, when mating was allowed afterwards. However, 
none of the virgins thus operated upon accepted a male within the duration of the 
experiment. Nevertheless of the 12 operated females, 10 were found to have de- 
posited yolk in the oocytes after a few days; in some females the eggs had reached 
nearly full size (Table I, e). Probably the afferent nerves were stimulated by the 
excision of the gonapophyses and this resulted in activation of the corpora allata 
and of the ovaries. The conclusion that sensory receptors on the gonapophyses 
receive the stimuli during the act of mating or parturition seems, therefore, justi- 
fied. This experiment does not exclude the possibility that other parts of the 
genital apparatus supplied with sensory receptors may also be involved in the per- 
ception of mating stimuli. As the following experiment shows, this proved actually 
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to be the case. In three virgins with gonapophyses excised shortly after emergence 
mating eventually took place 21, 28, and 52 days after operation. Nine to ten 
days later, i.e., after an interval normally required for egg maturation in mated 
females, ovulation took place. Thus, we conclude that sensory receptors on the 
gonapophyses and on other parts of the genital apparatus receive the stimuli ex- 
erted by mating and parturition. 


5. The effect of mature eggs on the corpora allata 


In other species of roaches mature eggs seem to exert an inhibitory effect on 
the corpora allata (Engelmann, 1957). The question arises whether in Diploptera 
mature eggs, either before ovulation or d:tring embryonic development in the brood 
sac, likewise inhibit the corpora allata in their function. For this reason, the egg 
cases were removed from the brood sac during anesthesia in 13 females of Diplop- 
tera, at different stages of pregnancy. These animals were kept isolated to pre- 
vent mating and were fixed three to 31 days thereafter in order to check the degree 
of activity of the corpora allata and of the ovaries. None of these 13 females ma- 
tured their eggs in the ovaries within the tested period (Table II, b). Additional 
five females, in which the oothecae were removed three to five days after ovulation, 
were kept until the next ovulation occurred. This took place 42, 51, 54, 57, and 
71 days after the removal of the oothecae. Thus, the period required for egg 
maturation after removal of the egg case is roughly comparable to that observed 
in virgins. In other words, in this experimental series in which appropriate af- 
ferent stimulation was lacking, the corpora allata were retarded in their activity, 
but not completely suppressed. 

By contrast, egg maturation is inhibited throughout the period of pregnancy 
which in Diploptera lasts 75 days. Therefore, the absence of mating or equivalent 
stimuli alone would not account for this complete state of quiescence in the ovary 
which in turn signals complete inactivity of the corpora allata. An additional in- 
hibitory action seems to come from the ootheca and, in analogy with the known 
situation in Leucophaea, it may be due to a humoral factor. 

As to the mechanisms which, in the absence of appropriate stimuli such as 
mating, keep the corpora allata of adult females of Diploptera partially suppressed, 
nothing can be added to the already discussed inhibitory nervous link between brain 
and corpora allata. It may well be that the factor eliciting this inhibition acts 
independently of the inhibitor released by the egg case. 

Further support for the concept that a restraining factor from the eggs is not 
the sole or even primary afferent link governing the inhibition of the corpora allata 
of Diploptera was obtained by castration experiments Eleven females were ovari- 
ectomized two to three days after mating. Yolk had already been deposited in the 
oocytes, which indicated that the corpora allata had been activated by mating. 
Twelve to 44 days after this operation the females were fixed in order to check 
histologically the activity of the corpora allata. The glands were completely in- 
active as indicated by the calculation of an average of 0.86 mm.* of gland tissue per 
million of nuclei. From this it again appears that an as yet unknown mechanism 
residing outside the ovary inhibits the corpora allata. These findings in Diplop- 
tera are in contrast to observations in several other species of insects including 
Leucophaea (von Harnack and Scharrer, 1956) where ovariectomy results in hy- 
peractivity of the corpora allata. 
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Figure 2. Diagram illustrating the control of reproduction in Diploptera. Stimuli exerted 
by mating or parturition, received in the genital apparatus, are transmitted to the brain where 
they inhibit the normal flow of restraining impulses from the brain to the corpora allata. The 
corpora allata then release gonadotropic hormone which induces egg maturation. During 
pregnancy, complete inhibition of the corpora allata is accomplished, presumably by a humoral 
principle originating in the developing eggs. For further details see text. 


DISCUSSION 


The control of egg maturation in the viviparous cockroach, Diploptera, depends 
on the following sequence of events (Fig. 2): Stimuli exerted by mating, which 
are received by sensory receptors on the gonapophyses or other parts of the genital 
apparatus, ascend via the ventral nerve cord to the brain and act to inhibit the normal 
flow of restraining impulses from the brain to the corpora allata. The corpora 
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allata then release a hormone that induces the maturation of the eggs. Parturition 
provides stimuli adequate for eliciting egg maturation in the second or subsequent 
cycles, and no mating is then required. In virgins, the corpora allata seem to be 
completely inhibited at first, but become slowly activated after some time and 
eventually induce egg growth. During pregnancy another controlling factor origi- 
nating in the ootheca makes the inhibition of the corpora allata complete. 

As in Leucophaea (Scharrer, 1952; Engelmann and Liischer, 1956), and in 
Oncopeltus (Johansson, 1958), the brain in Diploptera restricts the function of 
the corpora allata by way of the nervi corporis allati. This can be concluded 
from the fact that severance of these nerves in the species mentioned results in 
persistent activity of the glands. 

The fact that the brain inhibits the corpora allata in Leucophaea and Diploptera 
at certain periods suggests that extrinsic and intrinsic “information” is integrated in 
the brain and then passed on as messages to the corpora allata. In Leucophaea 
the presence of mature eggs in the brood sac causes the brain to inhibit the corpora 
allata by way of the nervi corporis allati during pregnancy. No eggs mature in 
the ovary during this period. On the other hand, in Diploptera, the brain converts 
stimuli received in the genital apparatus with the result that inhibitory impulses to 
the corpora allata cease. The corpora allata then become active and induce egg 
maturation. In both cases the brain seems to be the regulating center for the 
function of the corpora allata, and there is evidence that also in other insect species 
the brain functions as a controlling center for a variety of different endocrine func- 
tions (Wigglesworth, 1934; Scharrer, 1958). 

Extrinsic factors such as mating and parturition, are particularly important for 
the proper control of the reproductive cycles in Diploptera. In other species of 
cockroaches, at least one of these factors, namely mating, is involved in reproduc- 
tion. In Periplaneta americana, for instance, mating accelerates growth of the 
eggs and consequently more eggs are produced during the animal’s lifetime if it is 
permitted to mate (Griffiths and Tauber, 1942; Roth and Willis, 1956). In this 
species, however, the influence of mating seems less pronounced than in Diploptera. 
The same is true for Leucophaea maderae where mating also enhances the activity 
of the corpora allata during the first pre-oviposition period. Egg maturation in this 
species is accelerated by mating only by about one-third of the period required in 
virgins (Engelmann, unpublished data) in contrast to the observation in Diploptera 
where the acceleration of egg maturation upon mating amounts to at least five 
times ; on the average even more. 

In the second and subsequent reproductive cycles of Diploptera the stimuli 
normally occurring in parturition are essential in replacing those of mating. In 
Periplaneta and in Leucophaea, on the other hand, no comparable stimulation seems 
to be required as is shown by the following observations. In females of Periplaneta, 
isolated after their first mating, egg maturation in successive batches took only 
slightly longer than that in females which were continuously kept with males 
(Griffiths and Tauber, 1942). In this species parturition does not occur and, 
therefore, mating would have to replace the effect of giving birth as described in 
Diploptera. In contrast to the situation in Diploptera, mating in Leucophaea after 
removal of the egg case did not shorten the time needed for egg maturation (Engel- 
mann, unpublished data). At the present time no explanation can be given for the 
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fact that in Pertplaneta and in Leucophaea mating influences egg maturation only 
during the first pre-oviposition period and not thereafter. From this it seems that 
Diploptera is unique among cockroaches with respect to the degree to which stimula- 
tion of the corpora allata and consequently activation of the ovaries depends on 
afferent nervous stimuli. 

In females of Diploptera the normal mating act can be simulated by “artificial 
mating,” a fact which indicates that mechanical stimulation of parts of the genital 
apparatus is the essential factor involved. It might be worth mentioning in this 
connection that in some mammals such as the ferret, rabbit, weasel, cat, mating 
likewise is essential for the completion of egg maturation and ovulation. In the 
cat, ovulation can be brought about even by artificial stimulation of the cervix 
uteri by means of a glass rod (Greulich, 1934; Porter et al., 1957). Here, upon 
mechanical stimulation of an area in the genital apparatus, the brain activates the 
hypophysis, which in turn induces ovulation by releasing gonadotropic hormones ; 
this is analogous to the situation in Diploptera. One should point out that in the 
cat maturation of the egg nucleus and the rupture of the follicle is induced by 
mating, whereas in Diploptera it results in deposition of yolk in the oocytes. These 
are two fundamentally different processes related to different reproductive mecha- 
nisms, but both are induced by mating and both finally lead to ovulation. 

In Diploptera, as in Leucophaea, we observe alternating activity and inactivity 
of the corpora allata correlated with periods of egg maturation and of quiescence 
of the ovaries. In this respect the reproductive patterns of two related species are 
strikingly similar, but as was shown the regulation of these reproductive cycles is 
achieved in different ways. In the female of Diploptera the corpora allata seem to 
be maintained at a low level of activity. For every activation of these glands, 
sufficiently high to induce egg maturation within a normal period of time, a stimula- 
tion of the genital apparatus has to take place. On the other hand, in most virgins 
of Leucophaea the corpora allata appear to be only slightly inhibited during the first 
pre-oviposition period. During pregnancy, in Diploptera, a substance furnished by 
the mature eggs in the brood sac inhibiting the corpora allata seems not to be the 
primary restraining principle. In pregnant Leucophaea, however, such a sub- 
stance originating in the eggs plays a dominant role in the control of the corpora 
allata (Engelmann, 1957). Thus, in both related species we find humoral as well 
as nervous afferent stimuli involved in the regulation of reproduction. They seem 
to operate independently of each other. They are effective in both species, but in 
Diploptera the nervous factor is the more important, whereas in Leucophaea the 
reverse is the case. 


The author wishes to express his graditude to Dr. B. Scharrer for her valuable 
discussions during the preparation of the present paper. I thank Dr. L. M. Roth, 


Natick, Massachusetts, for providing me with a colony of Diploptera punctata. 


SUMMARY 


1. In the viviparous roach, Diploptera, the factors controlling the maturation 
of the eggs were studied during an interval encompassing the first pre-oviposition, 
first pregnancy, and second pre-oviposition periods. During egg maturation the 
corpora allata become active as judged by histological criteria (increase of cyto- 
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plasmic content) ; they become and stay inactive during pregnancy. Ovarian in- 
activity after allatectomy also demonstrates that active corpora allata are responsible 
for the deposition of yolk in the oocytes. In addition, the corpora allata control 
the activity of the accessory sex glands, and of an as yet unknown type of cell 
presumably located in the bursa copulatrix, the secretion of which facilitates the 
extrusion of the spermatophore. 

2. In virgins, the brain inhibits the function of the corpora allata by way of 
the nervi corporis allati, and thus prevents or delays the maturation of the eggs. 
Severance of these nerves results in a sustained activity of the corpora allata with 
the result that several successive batches of eggs mature. 

3. In females which have not yet borne young, mating is essential for a normal 
rate of egg maturation. The effect of mating can be replaced by parturition which 
provides adequate stimuli to induce egg maturation. Thus, in an animal that has 
just given birth, mating does not step up the growth rate of the eggs. The stimuli 
exerted by mating or parturition are transmitted to the corpora allata by way of 
the ventral nerve cord and the brain. 

4. Artificial mating (mechanical stimulation with a small glass spermatophore) 
also results in activation of the corpora allata and in subsequent maturation of 
the eggs. Similarly, excision of the gonapophyses induces egg maturation, pre- 
sumably because the afferent nerves are stimulated by this procedure. It seems 
likely that sensory receptors on the gonapophyses and possibly on other parts of 
the genital apparatus receive the stimuli exerted by mating and parturition. 

5. The corpora allata of adult females of Diploptera are restrained to the extent 
that egg maturation occurs only after considerable delay unless this inhibition is 
eliminated by appropriate afferent stimuli. Complete inhibition of the corpora 
allata, and thus of the ovaries, during pregnancy is achieved by the eggs developing 
in the brood sac. 

6. Ovariectomy does not result in sustained activity of the corpora allata as 
is the case in some other insect species. 
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SOMITE GENESIS IN THE CHICK. II. ANALYSIS OF 
NUTRIENTS FROM YOLK? 
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A previous communication has disclosed that there are a number of components 
in the albumen of the avian egg which collectively are used by the embryo in the 
development of somites (Fraser, 1957). These components were indicated to be 
such small molecular forms as glucose, alanine and a heat-labile substance. More- 
over, the protein moiety of the albumen may possibly be used to a limited extent 
as well in this function. 

Because the yolk provides the natural environment of the early chick blastoderm, 
it seemed advisable to assay this portion of the egg for its nutritional value with 
respect to the formation of somites. Studies by Needham (1931) and Romanoff 
and Romanoff (1949) have indicated that the yolk of the avian egg is chemically 
complex, containing such diverse molecular species as proteins, phospholipids, 
coenzymes, amino acids, etc. 

It has become apparent from many studies that the embryo does not use in- 
discriminately all of the materials made available to it at any one period during 
development. For example, the transitional nature of energy sources has been 
pointed out by Needham (1950). Fraser (1956) has shown that the early blasto- 
derm will starve on a fat diet, although there is much of this food substance present 
in the unincubated egg. 

With respect to the utilization of certain nutrients for specific morphogenetic 
events, there exists but little information. Wilde (1955) has revealed the use of 
various portions of the phenylalanine molecule by neural crest cells of the amphibian 
in melanogenesis. Similarly, the development of the heart and of the brain of the 
chick embryo have been shown to have different sugar requirements (Spratt, 1950). 
The present paper represents an attempt to assay the yolk of the chicken egg for its 
nutritional value, specifically in somite genesis. Other papers to follow will cover 
other facets of this morphogenetic event. 


MATERIALS AND METHODS 


While a few of the eggs used in the present investigation were from Rhode 
Island Red chickens, most were from White Leghorn hens. Nutritionally, the 
two breeds appear equivalent, although the rate of development of the former is 
perceptibly slower during the earliest phases of embryogenesis. The eggs were 
stored at 18° C. until incubated, in all instances within a week after they had been 
layed. Eggs were incubated at 38.0° C., while explants were cultured at 37.8° C. 


1 This investigation was supported in part by research grant G-3486 from the National 
Science Foundation. 
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General methods for the culture of the early chick blastoderm have been outlined 
previously (Spratt, 1947; Fraser, 1957). Definitive primitive streak (DPS) 
blastoderms were removed from the eggs following approximately 21 hours of 
incubation, and placed on semi-solid media. After camera lucida diagrams had 
been made of them, the embryos were incubated for a period of 22 hours, after 
which time diagrams were again made for the purpose of recording the extent of 
development. The embryos were then fixed on the gel with Gerhard’s fixative 
and prepared for whole mounts. Delafield’s hematoxylin was used as a stain. 
Greater accuracy could be obtained in counting somites in stained preparations. 
Approximately six hundred explants were cultured in the course of this investigation. 


PREPARATION OF MEDIA 


The reader is referred to a previous communication (Fraser, 1957) for an out- 
line of the general procedure in preparing the media used in this study. 

Yolk dialysate. One hundred and fifty ml. of yolk from unincubated fertile 
eggs were dialyzed against 75 ml. of chick Ringer’s solution in cylinders for two 
days at 5° C. The dialysate was then collected and stored under refrigeration 
until used. 

Dialyzed yolk. One hundred ml. of whole yolk were dialyzed in the cold for 
three days against large volumes of the Ringer’s solution. Dialysis proceeded in 
10-liter flasks, the saline contents of which were changed on three occasions. The 
contents of the casings, representing the large molecule fraction of whole yolk, were 
then collected for use. 

Boiled dialysate. Fifty ml. of freshly prepared yolk dialysate were gently 
refluxed for 10 minutes prior to use. 

Ether partition of yolk dialysate. Fifty ml. of freshly prepared yolk dialysate 
were shaken on three occasions with 15 ml. of redistilled ethyl ether in a separatory 
funnel. The pooled ether phases were condensed at 45° C. under vacuum to near 
dryness. Five ml. of chick Ringer’s were added and the remaining ether was 
distilled. Ether was removed from the aqueous phase in the same manner. 

Acid hydrolysis of dialyzed yolk. The preparation of amino acids by the hy- 
drolysis of dialyzed whole yolk used in the present study has been described by 
Block et al. (1958). Twenty ml. of dialyzed yolk were boiled under reflux with 
40 ml. of 8 N sulfuric acid for 20 hours. To this, hot saturated barium hydroxide 
was added until a pH of 11 had been reached. After distillation in vacuo had 
removed the free ammonia, the excess barium was precipitated by an equivalent 
amount of 1 N H,SO,. The BaSO, was centrifuged off and the supernatant fluid 
reduced in volume to dryness. The residue was then taken up in 10 ml. of chick 
Ringer’s solution for use. 


CHROMATOGRAPHIC ANALYSIS OF YOLK DIALYSATE 


Twenty ml. of the yolk dialysate, prepared as indicated above, were reduced in 
volume to zero under mild heat from an infra-red lamp, and while agitated by a 
jet of air. The excess salt was removed by solvent extraction as outlined by 
Harris (1953). Drops of the concentrated aqueous phase, following ether extrac- 
tion, were applied to Whatman No. 1 paper, measuring 18 by 22 inches. Two- 
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dimensional chromatograms were prepared by descending chromatography with 
water-saturated phenol as the first solvent and lutidine-collidine-water (3:1:1 by 
volume) as the second. After drying, the papers were sprayed with a 0.1% nin- 
hydrin solution in 95% ethanol. On drying in an oven, the spots that appeared 
were compared with those on the amino acid map of Dent (1948). Similar chro- 
matograms were made of the dialysate concentrate following oxidation with hydro- 
gen peroxide, a procedure that is necessary for the identification of cysteine. 
Figure 1 illustrates the identification of the free amino acids in yolk. In all 
there are thirteen such compounds readily distinguishable by this assay method. 
Spots numbered 1, 2 and 3 appeared only from a preparation following oxidation. 
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Ficure 1. Two-dimensional chromatogram showing the amino acids detected 
free in yolk dialysate. 


Grey colored spots indicated by numbers 2 and 3 do not coincide with any shown 
on Dent’s map, and hence are unidentified at this time. The presence of cysteic 
acid, however, indicates the presence of free cysteine. 


BARIUM AND ALCOHOL FRACTIONATION OF YOLK AND ALBUMIN DIALYSATES 


To establish more precisely the requirements of the young chick blastoderm 
from yolk and albumen in the formation of somites, a barium and alcohol frac- 
tionation of these food sources was undertaken. The procedure has been indicated 
in a general way by Harris (1953). 

The pH of 15 ml. of yolk dialysate was brought to 8.2 by the careful addition 
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of 0.1 M@ NaOH. To this were added 2 ml. of 1 M BaCl,, the pH of which 
had previously been adjusted to 8.2. The resulting mixture was placed in the 
freezing compartment of a refrigerator for 30 minutes and then centrifuged. The 
pellet was washed with five drops of BaCl, (pH 8.2) and then brought into solution 
with a small amount of doubly distilled water. To this was added a stoichiometric 
amount of 1 M Na,SO, to precipitate all of the barium. The resulting supernatant 
was retained as the “barium insoluble” fraction. 

The supernatant from this procedure was further fractionated by ethanol. The 
barium-soluble solution obtained was treated with sufficient molar sodium sulfate 
to precipitate all of the barium. The supernatant was reduced in volume to 10 ml. 
and chilled. To this were added 40 ml. of chilled absolute ethyl alcohol, thus 
bringing the concentration of the alcohol to 80 per cent. After further chilling for 
30 minutes the preparation was centrifuged, and the pellet (the “barium-soluble, 
alcohol-insoluble” fraction) was washed with 5 drops of cold 80 per cent ethanol. 
The supernatant from this fractionation is termed the “barium-soluble, alcohol- 
soluble” fraction. 


TABLE | 


Assay of barium and alcohol fractions of yolk and albumen for nitrogen and phosphorus 


Yolk Albumen 


Fraction 
P N 
(ug./ml.) (ug./ml.) 


P N 
(ug./ml.) (ug./ml.) 


10.40 3. 8 0.40 


P/N P/N 


104 10 


Barium-insoluble 
Barium-soluble, alcohol-insoluble 10.8 9 .20 a 26 0.48 
Barium-soluble, alcohol-soluble 8.8 664 0.01 , 98 0.09 
Whole dialysate 129 742 0.17 5 128 0.20 


The three fractions thus obtained were placed individually in Stender dishes 
and the volume of each reduced to zero with mild heat and air agitation. Excess 
salt was removed and the volume again reduced to zero. To each were added 
4 ml. of chick Ringer’s solution and the resulting fractions set aside for incorpora- 
tion into media. 

\ similar fractionation was carried out on albumen dialysate. 


ASSAY OF BARIUM AND ALCOHOL FRACTIONS FOR PHOSPHORUS 
AND NITROGEN CONTENT 


Umbreit et al. (1949) have listed the phosphorylated intermediates known to 
be present in the fractions derived from barium and alcohol treatment. In order 
to determine the relative concentrations of the various esterified compounds in the 
fractions used in the test media, an analysis was made on the fractions for nitrogen 
and phosphorus. 

The results of such an analysis are shown in Table I. Total phosphorus was 
determined by the method given by Umbreit et al. (1949) after Fiske and Sub- 
barow (1925). The nesslerization method of Koch and McMeekin (1924) for 
nitrogen was employed. Phosphorus and nitrogen determinations were made, as 
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indicated in the table, on the whole dialysate, the “barium-insoluble,” “barium- 
soluble, alcohol-insoluble,” and “barium-soluble, alcohol-soluble” fractions. Prepa- 
rations from both yolk and egg white were assayed. 


CONTENTS OF THE MEDIA 


The contents of the media used in the present investigation are given in 
Table II, along with the amounts of each expressed in milliliters. Phenol red, 
in concentration of 0.01 per cent, was used as an inside pH indicator. Moreover, 
this dye also serves by coloring the medium, thus making it easier for the observer 


TABLE II 


Components of media used in the experiments and somite development 
in explanted chick embryos 


Peni Aver. no 
. Phos- 3icar- ‘ _ De 
Phenol | cillin a : —- | Tosel No. pairs 
red strepto- phate ponate | Volume! embryos) S°mites 
mycin buffer buffer + stand. 
, error 


Volume 
Test material of test | Ringer 
material 


None i 40 
Whole yolk 50 
Yolk dialysate 2 2 40 
Dialyzed yolk 2: 50 
Dialyzed yolk + glucose ; 2 50 
Boiled yolk dialysate 2 ‘ 2 40 
Dialyzed yolk hydrolysate 2 . . 4 
Dialyzed yolk hydrolysate 

+ glucose J ; ‘i ; \ 4 
Ether-soluble fraction 2 ‘ ‘ . ; 4 
Saline-soluble fraction 
Free amino acids + glucose 
Barium-insoluble fraction of yolk 
Barium-soluble, alcohol-insoluble 

fraction of yolk 
Barium-soluble, alcohol-soluble 

fraction of yolk 
Barium-insoluble fraction of 

albumen 3.f 3. ‘ 0.4 
Barium-soluble, alcohol-insoluble 

fraction of albumen ul 3. 0.4 0.4 
Barium-soluble, alcohol-soluble 

fraction of albumen v . 0.4 0.4 0.4 2 f 36 1.0 +03 
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* Twenty-five ml. of whole or dialyzed yolk were shaken with 50 ml. of Ringer's. Twenty ml. of the froth-free 
liquid were decanted for use. 
** Eight ml. of 1% glucose plus 20 ml. of dialyzed albumen prepared as above. 
*** Four-fifths ml. of 1% glucose plus 2 ml. of dialyzed yolk acid hydrolysate. : 
+t One ml. of a 100 mg. % solution of each of the 13 amino acids found free in yolk dialysate plus 4 ml. of a 2% 
glucose preparation Final concentrations: each amino acid, 2.5 mg. “%; glucose, 200 mg. % 
tt The same amount (3.5 ml.) of the barium and alcohol fractions of both yolk and albumen was used. 


to see the explanted embryos. The preparation of the penicillin-streptomycin 
solution used to prevent bacterial growth, and the phosphate and bicarbonate 
buffers has been described previously (Fraser, 1956). Throughout the period of 
culture the pH of the media remained near 7.6. The concentration of the agar 
used in preparing the semi-solid gels was 250 mg.%. The Ringer’s solution was 
prepared in accordance with the formula given by Spratt (1947), with NaCl 
content reduced to 123 millimolar (Howard, 1953). In previous communications 
(Fraser, 1956, 1957) the details of preparing the media have been given. When 
the volume of the medium was small, 4 or 8 ml., it was poured into depression 
slides supported on cotton rings within petri dishes. The media of larger volume 
were placed in watch crystals held in similar fashion. The cotton rings supporting 
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the containers of media were moistened with sulfadiazine (0.25 per cent) as a 
further precaution against microbial contamination. 


RESULTS AND DISCUSSION 


The development of somites in DPS explants cultured on the media outlined 
above for 22 hours is given in Table II. 

One of the most striking observations is that the food materials used in this 
morphogenetic process are present free in the dialyzable (small molecule) fraction. 


Figure 2. Photograph of a DPS blastoderm cultured for 22 hours on dialyzed whole yolk. 
Note absence of any appreciable development. 

Figure 3. Photograph of an embryo of similar age cultured for 22 hours on a medium 
containing yolk dialysate. Note the formation of somites. 


The same was found to be true when the egg white was assayed (Fraser, 1957). 
Somites developing in explants on the dialyzable fraction of whole yolk were 
equal in number to those in explants cultured on the yolk medium itself. On the 
other hand, no somites formed in blastoderms cultured on the large molecule 
moiety, even when glucose was added to the medium. This observation would 
indicate, in contrast to the conclusion of Taylor and Schechtman (1949), that the 
embryo in culture cannot use native protein alone from either yolk or albumen 
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for early morphogenesis. Figures 2 and 3 show these results. Blastoderms cul 
tured on dialyzed yolk appear the same as those cultured on dialyzed albumen or 
on a saline-agar (non-nutrient) medium. 

The chick embryo cultured in vitro can, however, use the protein moiety of 
yolk following hydrolysis of the polymers, when supplemented by glucose as an 
energy source. This observation would suggest that at this stage of development 
the embryo lacks sufficient proteolytic enzymes for its early morphogenic require- 
ments, and relies almost entirely (if not completely) on molecules of simpler form 
found free in its environment. 

There is, as yet, no complete characterization of the small molecule nutrients 
used by the chick blastoderm for somite development. Ether fractionation reveals 
that all materials used are in the aqueous phase. The inability of the very early 
embryo to use fat as a substrate for development has been noted previously (Fraser, 
1956, 1957). It is equally true that some of the somite-forming capacity of yolk 
dialysate is curtailed by heat. A similar heat-labile fraction has been found in 
albumen dialysate (Fraser, 1957). There is further support for the presence of 
a heat-labile component in the observation that somite development is somewhat 
depressed in explants cultured on a medium containing all of the amino acids 
found free in yolk. 

As one would expect, the bulk of nitrogen, signifying the presence primarily 
of amino acids, is found in the barium- and alcohol-soluble fraction of both yolk 
and albumen. In view of the fact that there is some development of somites in 
explants cultured on the amino acids detected in this portion of the avian egg, it 
is not surprising that this fraction derived from barium and alcohol precipitation 
should yield a similar result. This is borne out by observation. 

There has been, however, some dispute as to whether the early chick blasto- 
derm can utilize phosphorylated carbohydrate intermediates for its development. 
Needham and Nowinski (1937) have come to the conclusion that such substances 
cannot serve as nutrients for the early chick embryo. Novikoff, Potter and Le 
Page (1948), on the other hand, have demonstrated the presence of phosphorylated 
intermediates in embryonic chick homogenate. Fraser (1956) has reported the 
presence of cytochrome oxidase in blastoderms as young as the beginning streak 
stage. The great importance of glucose in the development of the early chick 
embryo has been repeatedly demonstrated (Spratt, 1949; Fraser, 1954). More- 
over, unpublished work from this laboratory has indicated that only a small portion 
of carbohydrate metabolism in the young avian embryo is directed through the 
phosphogluconate shunt. It is evident, therefore, that unless some other, much 
less likely, mechanism for sugar oxidation exists, carbohydrate must be handled 
in the conventional phosphorylated manner. If this assumption is true, we might 
well expect that phosphorylated intermediates, when offered to the embryos, would 
be metabolized. This contention is borne out by observation that somite develop- 
ment proceeds to a limited degree in explants cultured on media containing these 
carbohydrate phosphate esters. 

Umbreit et al. (1949) have listed the various phosphorylated compounds pre- 
cipitated by barium and alcohol fractionation. According to them, most of these 


intermediates in carbohydrate metabolism are brought down in the barium-soluble, 
alcohol-insoluble fraction. Comparison of P/N ratios would indicate that such 
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fractionation precipitates different compounds in albumen than in yolk. The wide 
discrepancies in phosphate values point to this conclusion. Differences in somite 
counts in embryos cultured on these fractions add further support. Finally, em- 
bryos were cultured on media containing the barium-soluble, alcohol-insoluble 
fractions of both yolk and albumen dialysates which had been boiled. No somites 
formed in blastoderms explanted on either of these media. There was no sup- 
pressing effect, however, by heat on the barium-insoluble fraction of yolk. We 
might conclude from this, then, that insofar as the development of somites is 
concerned, the explanted chick embryo utilizes at least one different component 
which is present in yolk but not in egg white. 

Finally, we should attempt to answer the provocative question why it is that 
less than the maximal number of somites form in embryos cultured on certain 
media. Actually the total number of somite pairs found in explants cultured 
under optimal conditions on any yolk or albumen medium is somewhat less than 
that seen in embryos grown in ovo for a similar period of time. We can there- 
fore conclude that the im vitro culture technique falls short in providing the embryo 
with appropriate environmental conditions other than of a nutritive nature. But 
insofar as somite development in explanted embryos alone is concerned, such dif- 
ferences must have a nutritional basis, since physical environmental conditions are 
presumably equivalent. 

The experiments in this and the former paper in this series (Fraser, 1957) 
have shown that the formation of somites in the chick embryo cultured in vitro 
is dependent on a number of chemical constituents in the food supply. We might 
therefore profitably think that a submaximal number of somites in explants results 
when one or more of the nutritional requirements for the maximal formation is 
lacking. This deficiency may then act to limit the number of somites which could 
develop within a specified period of time. It is only when all of the components 
needed for this morphogenetic event are present that the maximum number of 
somites will form. 


SUMMARY 


1. Definitive primitive streak chick embryos have been cultured in vitro on 
media containing various fractions of whole yolk. Other embryos were grown on 
agar gels containing fractions derived by barium and alcohol fractionation of yolk 
and albumen dialysates. Following 22 hours of incubation, the blastoderms were 
mounted and examined for the development of somites. 

2. The nutritional components of whole yolk are all present in the saline- 
soluble, dialyzable moiety, although the embryo can use the acid hydrolysate of 
dialyzed yolk, when accompanied by glucose, for this morphogenetic process. 

3. The results, derived from an assay of barium and alcohol fractionation of 
both yolk and egg white, indicate that the early chick embryo can use, to limited 
extent, certain phosphate esters of carbohydrates in the formation of somites. 
There appear to be different phosphorylated materials in yolk than in albumen used 
by the embryo. 

4. Insofar as whole yolk utilization is concerned for the formation of somites, 
there is evidence that the chick embryo grown in vitro uses: (1) glucose, (2) the 
amino acids found free in yolk, (3) a heat-labile, uncharacterized factor, and (4) 
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certain phosphorylated carbohydrate intermediates. It may also use, but to a 
very limited extent, the products of proteolysis of yolk proteins. 
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PRESENCE OF THE RED EFT WATER-DRIVE FACTOR 
PROLACTIN IN THE PITUITARIES OF TELEOSTS 
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The lactogenic hormone (prolactin), on account of the complexity and diversity 
of its functions, continues to excite speculation concerning its relation to changing 
target organs during the course of vertebrate evolution. The role of this hormone 
in the promotion of lactation in mammals, its effect on the secretory activity of 
the crop gland in pigeons, and its association with certain aspects of parental care 
in both mammals and birds are well known. In addition, prolactin is thought to 
act as a hyperglycemic agent in some higher vertebrates and may be important in 
regulating various events in the reproductive cycle, such as ovulation and pro- 
gesterone secretion. Recently, Juhn and Harris (1958) have shown that the 
lactogenic hormone may participate in the production of new plumage in birds 
through stimulation of the feather papilla. 

The problem of prolactin in the lower vertebrates has been reviewed by Atz 
(in Pickford and Atz, 1957) with special reference to fishes. There is con- 
siderable evidence that this hormone plays a physiological role in the poikilotherms, 
although direct evidence for its presence is scanty. Blair (1946) found that 
prolactin (of uncertain purity) stimulated the production of new melanophores in 
toads, while Pickford and Kosto (1957) have shown that highly purified inter- 
medin-free prolactin promotes melanin synthesis (but not new pigment cell forma- 
tion) in the partially depigmented melanophores of hypophysectomized kéillifish, 
Fundulus heteroclitus. |The synergic action of prolactin on the melanocyte- 
stimulating effect of intermedin (new pigment cell formation) was also demonstrated. 
The acceleration of molting in prolactin-treated newts, Diemyctylus (= Triturus) 
viridescens, observed by Chadwick and Jackson (1948), may have resulted from 
stimulation of the endogenous release of thyrotropin rather than to a specific action 
of prolactin since the recipients were not hypophysectomized. The lactogenic 
hormone stimulates the secretion of jelly by the oviducts of anurans (de Allende, 
1939; Houssay, 1947 and later papers cited by Pickford and Atz, 1957; de Allende 
and Orias, 1955). Positive results could be obtained even after castration or 
hypophysectomy and the gonadotropins were ineffective. The gonadotropic effects 
of prolactin on the European newts, Triton cristatus and T. alpestris, and the 
stimulation of sperm release in male dogfish, Scyliorhinus caniculus, reported by 
Tuchmann-Duplessis (1948, 1949) and Carlisle (1954), respectively, are inter- 
esting but require further investigation. 
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A most curious and interesting reaction to prolactin was described by Chadwick 
(1940) in the immature, terrestrial (red eft) stage of Diemyctylus viridescens, 
The red efts migrated to water within a few days after injection of the hormone 
and developed the olive pigmentation and strongly keeled tail of the aquatic adult. 
Similar results were reported by Tuchmann-Duplessis (1949) in experiments with 
immature terrestrial stages of Triturus alpestris. In a further study of this 
problem, Grant and Grant (1956, 1958), using hypophysectomized efts to exclude 
the reflex release of other pituitary factors, have confirmed that prolactin is directly 
responsible for initiating the change in habitat preference. Hypophysectomized 
efts receiving intraperitoneal injections varying from 8 to 0.04 mg. of highly 
purified prolactin (C. H. Li) migrated to the water compartment of the vivarium 
but failed to develop the pigment and morphological characteristics of the complete 
“water-drive syndrome.” The total response observed by Chadwick must therefore 
involve other hormonal factors. In developing a more decisive test for the water 
hormone, Grant (1958 and unpublished data) has estimated that a minimum dose 
of 1.4 yg. of prolactin is necessary to elicit the response in 50% of the hypophysecto- 
mized efts tested. 

Although the indirect evidence cited above is strongly in favor of the hypothesis 
that prolactin plays a natural role in the physiology of the lower vertebrates, direct 
evidence for the presence of this hormone in the poikilotherm pituitary is limited 
and requires confirmation. Leblond and Noble (1937), using the pigeon crop 
test, obtained weakly positive results of an indecisive nature with pituitary implants 
of turtle (Kinosternon odoratum), frog (Rana pipiens) and some species of teleos- 
tean fishes (Ameiurus nebulosus and Lepomis gibbosus) although others were 
negative. Foglia (1940) found that pituitaries of the toad, Bufo arenarum, 
stimulated the crop gland of the pigeon. Carlisle (in Medawar, 1953) reports 
that dogfish pituitary contains a factor which promotes lactation in the mammary 
gland, but the presence of oxytocin may be suspected. More recently Lehrman (in 
Pickford and Atz, 1957) has demonstrated prolactin-like activity in pollack 
pituitary brei (Pollachius virens) by means of the pigeon crop test. However, 
negative results were obtained with a lyophilized powder derived from hake, pollack 
and cod (Wilhelmi, Lot F80x) (Lehrman, personal communication). The data 
of Fonseca Ribiero and Tabarelli Neto (1943), with alcohol-preserved pituitaries 
of the teleost Prochilodus harti, depend on the validity of the anuran oviduct test. 
Chadwick (1941), using the red eft test, demonstrated the presence of a “water-drive 
factor” in the pituitaries of the toad, Bufo americanus, the water snake, Natrix sp. 
and the chicken. The pituitaries of two salamanders (Plethodon metcalfi and 
Desmognathus fuscus) and of two snakes (Diadophis sp. and Thamnophis sp.) 
gave negative results. 

The present investigation was undertaken to obtain further information on the 
distribution of prolactin among the lower vertebrates. Pituitary glands of pollack, 
Pollachius virens, carp, Cyprinus carpio, and killifish, Fundulus heteroclitus, were 
tested for the presence of the water-drive factor by means of the red eft test. 


MATERIALS AND METHODS 


The pituitary material was collected and prepared by one of us (G. E. P.). 
The wet weight of an average gland varies with the species, the size of the fish, the 





WATER DRIVE FACTOR IN TELEOSTS 431 


stage of the reproductive cycle, and possibly also the sex. In any given sample, 
fishes of both sexes and different size ranges were taken together so that the 
approximate number of glands injected per eft is less meaningful than the actual 
weight of the material (Table I). In the case of Fundulus it should be noted, 
however, that unpublished data of B. Kosto have shown that the mean weight of the 
pituitary expressed in terms of body weight is less in winter (sexual regression) 
than in spring. The mean index, Pituitary Wt./Fish Wt. in mg. per cent was 0.36 
in September and October, 0.51 in April. (Both sexes combined, no significant sex 
differences were noted.) 

Pollack (Lots 1, 2, 3, 4): Glands were collected from fish in the pre-spawning 
condition at Wilson’s Beach, Campobello Island, on June 28, 1954. Fish were 
brought in in the morning and the glands removed within two hours, wrapped in 


TABLE I 


Doses and calculated numbers of pituitaries involved for 
each lot of teleost material tested 


Approx. number of 
donor pituitaries 
per dose 


Number of test Total dose 


0 i i 
Lot numbers animals each lot in mg. 





Pollack: No. 10.0 
20.0 
10.0 
20.0 
10.0 
20.0 
20.0 
40.0 
19.9 
39.8 
19.5 
39.0 
19.7 
39.4 
19.8 


No. 


No. ; 


26 'e & 
00 i iv te & 00 Oo 


Carp: No. 5, 
Fundulus: No. 9 
No. 10 


No. 11 


NNN PDH SD DK SDK SD 


No. 12 


* Each sample tested with same numbers of efts. 


“Parafilm” in lots of 5 glands each, and frozen immediately. After four years 
storage in a closed can in the deep freezer, it was found from their appearance that 
many of the glands were partially desiccated. The average weight was approxi- 
mately 50% of the expected wet weight (ca. 20 mg.). Therefore, in making up 
dilutions for comparison with carp and Fundulus pituitaries (not semi-desiccated ) 
it was assumed that 100 mg. = 200 mg. wet weight. Pollack glands were weighed 
in lots of ca. 100 mg. and homogenized in 2 ml. of 0.6% NaCl. The brei was kept 
frozen until used. Carp (Lots 5, 6, 7): The glands were taken from fish collected 
in the Connecticut River on October 22, 1957. Although late in the season, some 
of the males had flowing sperm and many of the females had well-developed ovaries. 
After eight months storage in closed vials in the deep freezer the glands were 
weighed in lots of 200 mg. each (9-12 glands) and homogenized, as in the case of 
the pollack material, in 2 ml. of 0.6% NaCl. 
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Fundulus (Lot 9): A total of 1700 glands weighing 199.5 mg. was prepared 
from freshly captured fish collected near New Haven, Connecticut, in October and 
November, 1957, plus a few from aquarium-kept fish of the same batch killed in 
December, 1957. All were in a state of complete sexual regression. The material 
was frozen in closed vials to prevent desiccation. The brei was prepared seven 
months later ; homogenization was difficult, probably on account of the tough neural 
processes and diminished glandular material at this season of the year, but a smooth 
homogenate was finally prepared and diluted to 2 ml. in 0.6% NaCl. 

(Lot 10): The greater part of the material (280 glands) was taken from pre- 
spawning fish captured near New Haven, Connecticut, ca. May 1, 1955 and kept 
up to ten days in the laboratory; 80 glands from freshly captured, early spawning 
fish caught June 7-8, 1955, were added to bring the total to the required weight. 
The material was stored for two years in closed vials in the deep freezer and the 
brei was prepared in the usual manner from a total of 360 glands weighing 195.5 mg. 

(Lot 11) : Two hundred glands weighing 197.5 mg. taken from freshly captured 
fish at the beginning of the spawning season, June 7-8, 1955, were prepared as 
described above. 

(Lot 12): Three hundred and twenty glands weighing 129.0 mg. taken from 
freshly captured fish during the period of sexual regression in September and 
October, 1955 and kept frozen for two and one-half years in closed vials were 
homogenized in 1.3 ml. of 0.6% NaCl so that the concentration was equivalent to 
that used in the preceding samples. 

In addition to the above material, tests were conducted on a lyophilized prepara- 
tion (Wilhelmi, Lot F80x) derived from a mixture of hake, pollack and cod. The 
bulk of the glands were taken from hake (Urophycis tenuis) in post-spawning 
condition. The material was collected at Wilson’s Beach, Campobello Island, New 
Brunswick, in the summer of 1952. 

A number of efts collected near Petersham, Massachusetts in August and Sep- 
tember, 1958 were hypophysectomized and kept for a period of two weeks before 
treatment. The animals varied in weight from 0.63 to 1.48 gm. and all were 
considered to be well removed from the naturally occurring water-drive phase of 
their life cycle. Each animal received intraperitoneal injections on each of two 
separate days of fish pituitary brei delivered at a standard volume of either 0.1 ml. 
or 0.2 ml. per injection. After the first injection the efts were placed in containers 
with a land and a water area and the time of their migration to water was noted. 
Changes in weight and length during a period of four weeks after the first injection 
were recorded in most instances. The data for the doses administered and the 
calculated number of pituitaries involved are given in Table I. 


RESULTS 


The results of the above experiments are summarized in Table II. 

(a) Tests with pollack: Most animals tested with pollack pituitary failed to 
show the water-drive response. In all respects they appeared as non-treated hy- 
pophysectomized efts, their skin dark and dry as layers of cornified epithelium built 
up in the absence of normal molting factors presumably involving TSH. Two ani- 
mals receiving brei from Lot 1 gave a partial response. Their skin sloughed off in 
rough patches and the efts entered water at irregular intervals, remaining there for 
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several hours at a time. One animal, however, treated with Lot 4 material, gave a 
positive reaction by assuming the water habitat for a period of a week, during 
which time all of the old cornified epithelium sloughed off revealing the smooth, 
non-granular skin characteristic of the aquatic phase. Changes in weight and length 
were erratic but some individuals (8) undoubtedly grew slightly. 

(b) Tests with carp: Fourteen out of the 18 individuals treated with carp 
pituitary gave a positive response on an average of about ten days following the 


TABLE II 


Results of water drive studies following treatment of efts with 
various teleost pituitary preparations 


Length Results 
change 
per cent 
4 weeks Positive | Negative 


Days to 
water 
average 


Wt. change 
per cent 
4 weeks 


Donor material No. test 
and lot numbers animals* 








Fundulus (post- 
spawning) 
Lot No. 9 5 (1 dead) | 
not recorded 
Lot No. 12 
Fundulus (chiefly | 
pre-spawning) | 
Lot No. 10 +7.41 +6.35 
Fundulus (early 
spawning) 
Lot No. 11 not recorded 
Pollack (pre- 
spawning) 
Lot No. 1 loss and gain (partial) | 
Lot No. 2 loss and gain 
Lot No. 3 loss and gain 
Lot No. 4 loss and gain 
Carp (late 
spawning) 
Lot No. 5 +8.41 +4.46 
Lot No. 6 
Lot No. 7 +8.70 +3.20 
F80x Wilhelmi— 
lyophilized hake, 
pollack, cod not recorded 
Controls —5.77 none 





* See Table I. 
Tt See text. 


initial injection and remained in water for periods of from two to three weeks. The 
four unresponsive individuals may be discounted. Two receiving Lot 5 brei failed 
to give even a partial response, but one of these was poorly injected so that some of 
the preparation was lost, while the second individual was suffering from an acute 
fungus infection. An additional two animals died shortly after the second injection, 
before any response could have been expected. The efts showed a mean in- 
crease in weight and length. All animals molted normally. 
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(c) Tests with Fundulus: Injection of pituitary brei from fish in sexual regres- 
sion (Lots 9 and 12) yield positive results in all animals tested, with the exception 
of one which died shortly after the first injection. The animals went to water 
between eight and nine days after their first treatment and molted normally. It is 
interesting to note that Lot 10, largely prepared from laboratory-kept animals in 
the early pre-spawning condition, also gave positive results, while tests with Lot 11 
brei from spawning animals were entirely negative. Efts receiving Lot 10 increased 
significantly in weight and length; the other preparations were not studied in 
respect to the growth response. Animals receiving Lot 11 molted regularly, in- 
dicating that the preparation contained at least some endocrine activity. 

Injections of the lyophilized preparation F80x gave negative results in all 
animals tested. 

Controls remained in the terrestrial phase, did not molt, lost weight and showed 
no change in length. 


CONCLUSIONS 


These tests present convincing evidence that a prolactin-like substance is a 
naturally occurring factor in the pituitary glands of teleost fishes. Carp brei 
(Lots 5, 6, 7) gave a positive response as did material prepared from Fundulus 
(Lots 9, 10, 12) in the pre- and post-spawning conditions. The nature of this 
response indicates that this material, administered in doses of 10 or 20 mg., con- 
tained lactogenic hormone well above the estimated threshold of 1.4 yg. for initiation 
of the water-drive response. That there was no apparent difference in the nature 
and time of response between animals receiving 10 and 20 mg. of brei agrees with 
Grant (unpublished data) who has shown that at or above the 3 yg. level total 
response can be expected in all efts treated, provided they are in a healthy condition. 

One of the animals receiving pollack preparations showed positive water-drive, 
while two others gave a partial reaction. Although the response was very weak in 
this case, the presence of prolactin in small amounts is indicated. This is in agree- 
ment with the work of Lehrman (in Pickford and Atz, 1957) who obtained positive 
results with pollack brei on the pigeon crop test. Both the present series of tests 
and those of Lehrman’s gave negative results with the lyophilized powder F80x. 

The fact that pituitaries taken from animals near the end of the spawning season 
and from those in the post-spawning condition, gave the strongest response is in- 
teresting. Lot 11 brei from early spawning killifish gave negative results while 
pollack brei from pre-spawning animals produced a very weak response. In the 
latter case the possibility of deterioration of the sample, which was partially de- 
hydrated after four years’ storage in the deep freezer, cannot be excluded, but the 
glands taken from Fundulus in June, 1958 are believed to have been in perfect 
condition. Further experiments are needed to exclude a possible unexplained 
deterioration of the sample. These tests may indicate a seasonal depletion in pro- 
lactin associated with the reproductive cycle, but the results are not decisive. Nega- 
tive results with the lyophilized powder, chiefly from post-spawning hake, conflict 
with this hypothesis. 


SUMMARY 


It has been demonstrated, by means of the red eft water-drive test, that a 
prolactin-like hormone is present in the hypophysis of teleostean fishes. Pituitary 
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extracts from late spawning carp (Cyprinus carpio) and pre- or post-spawning 
killifish (Fundulus heteroclitus) gave a positive response in all instances. Pollack 
pituitary brei (Pollachius virens) from pre-spawning fishes gave only a weak re- 
sponse, and wholly negative results were obtained with an extract of Fundulus 
pituitary glands from fish taken at the beginning of the spawning season. While 
these data suggest a possible period of depletion during the early spawning phase of 
the sexual cycle, the findings require confirmation. The experiments also demon- 
strated that the pituitary of the three species investigated contains a growth- 
promoting factor and a molting hormone, presumably somatotropin and thyrotropin, 
respectively. 
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DEVELOPMENTAL CHARACTERISTICS OF LOW TEMPERATURE 
CHICK BLASTODERMS. I. INFLUENCE OF THE HYPOBLAST 
ON DEVELOPMENT IN VITRO?’ 
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This is the third paper dealing with investigations of the developmental charac- 
teristics of chick blastoderms incubated in ovo for extended periods at 25° C. Pre- 
vious papers (Harrison and Klein, 1954; Harrison, 1957) reported on the formation 
and dispersal of the primitive streak during low temperature incubation, and on a 
differential sensitivity between neurogenesis and heart formation to low temperature 
incubation. 

Depending upon the length of exposure to the low temperature, morphologically 
different blastoderms occur. The primitive streak forms but subsequently dis- 
perses in a posterio-anterior direction. Blastoderms containing partial streaks are 
called the “diffuse streak” type. As dispersal progresses blastoderms retaining 
only the node result. These are called “node” blastoderms. With continued in- 
cubation dispersal of the node occurs to yield the “diffuse node” type and finally 
blastoderms are formed which are devoid of axiation, the “‘anidian-like” blastoderms. 

Interest in the present work resulted from a discrepancy in previous data 
(Harrison, 1957) which reported the adaptation of im vitro culture methods to 
the study of the low temperature blastoderms. Following incubation at 25° C. 
for 10 to 14 days, the blastoderms were removed, transected and cultured on a 
yolk-albumen medium. The percentage of explants developing normally after 10 
days exposure was lower than that for explants exposed for 11 days. The sigmoid 
curve was not expected and did not agree with data published in 1954 (Harrison 
and Klein). A possible explanation seemed to be a variation in technique as the 
experiments progressed. The original method of transecting blastoderms was that 
followed by Spratt (1947b) in which he cut blastoderms approximately 0.2 mm. 
behind the primitive pit. This procedure was followed in the early experiments 
but very soon the level of the cut was shifted posteriorly near the junction of the 
area pellucida and area opaca. The developmental capacity of explants which 
retained more of the primitive streak area appeared to be better at that time and 
the procedure was subsequently followed in the experiments. 

The present work reports on the attempt to determine if there is a significant 
difference in developmental potency of blastoderms transected at different levels. 
Due to the higher developmental potency of the diffuse streak blastoderms as op- 
posed to the other degenerate types, this form was used. Since transection re- 


1 This investigation was supported by a research grant (B-789) from the National Institute 
of Neurological Diseases and Blindness, Public Health Service. 

2The author wishes to express his appreciation to Margaret Ann Berry and Carol 
Crumbaker for their interest and contributions to the work as assistants on the project. 
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moves both epiblast and hypoblast, data are presented to show the effect of the 
removal of posterior hypoblast. 


METHODS AND RESULTS 
General 


Fertile eggs were obtained locally from a two-year-old flock of White Rock 
chickens during the period June, 1956 through October, 1957. A total of 567 
eggs was used and showed a fertility rate of 83%. All eggs were less than 24 
hours old when placed in incubators, to minimize effects from storage. Incubation 
was carried out in two identical forced-draft, thermostatically controlled incubators 
having a relative humidity of 75+5.0%. For low temperature incubation, the 
incubator was kept in a walk-in cold room with a temperature of 18° C., which 
permitted maintenance of an incubation temperature of 25° + 0.5° C. The control 
incubator was maintained at the normal incubation temperature of 37.5° + 0.5° C. 

In all instances the period of low-temperature incubation was 9 days. On the 
basis of previous work (Harrison and Klein, 1954; Harrison, 1957), this particu- 
lar period was selected as being one which would yield a high percentage of 
blastoderms containing diffuse primitive streaks. Of 390 fertile eggs which were 
incubated for 9 days at 25° C., 238 (61%) contained blastoderms with the diffuse 
streak. 

The Petri-dish technique of tissue culture developed by Fell and Robinson 
(1929) and subsequently modified by Spratt (1947a) was used and is fully de- 
scribed elsewhere (Spratt, 1947b; Harrison, 1957). For the culture medium a 
yolk-albumen-saline-agar mixture was used. This was prepared under sterile 
conditions by adding the contents of one unincubated egg to 100 cm.* of Ringer 
solution.* This mixture was shaken thoroughly and decanted to centrifuge tubes 
in such a manner as to leave the larger masses of albumen behind. The fluid was 
centrifuged for one hour at 825 g. Twenty cubic centimeters of the yolk-albumen 
supernatant were added to a sterilized mixture of 20 cm.* of Ringer solution, 1 cm.* 
of indicator solution (0.02 gm. phenol red/100 cm.* solution), and 200 mgm. of 
Bacto Agar which had been cooled to 30°-40° C. After mixing, CO, was added 
by blowing through a sterile pipette with a cotton plug. One cubic centimeter of 
the medium was pipetted into each culture watch crystal.* The pH of the final 
medium varied from 7.4 to 8.1. Appropriate explants were placed on this medium 
and incubated at 37.5° C. for two days. At the termination of incubation, the 
morphology and degree of development of the blastoderms were recorded. They 
were then fixed in Bouin’s solution. All explants were sectioned, stained with 
Delafield’s hematoxylin, and counterstained with eosin. 


In ovo controls 


Two types of in ovo controls were used to determine the developmental potency 
of the intact blastoderms as opposed to those removed from the yolk. In the first 
type, 21 eggs were incubated for two days at 37.5° C. Of these, 16 were fertile 


3 NaCl, 0.9; KCl, 0.042; CaCls, 0.024 gm. per 100 cm.* solution. 
4The yolk-albumen medium was prepared fresh each morning of the day in which ex- 
plantations were made. Storage of culture plates reduced the success of explantations. 
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and 15 or 93.8% produced normal embryos. From this particular flock of chickens, 
fertile eggs develop normally for the first two days in better than 90% of the cases. 

In the second type 107 fertile eggs were incubated for 9 days at 25° C. followed 
by incubation for two days at 37.5° C. Fifty-one of these (47.7%) produced 
normal embryos. This potency for normal development was not as high as pre- 
viously reported (Harrison and Klein, 1954). In the earlier work one group of 
10 eggs was pretreated for 10 days at 25° C. Ninety per cent of the eggs produced 
normal embryos. In the present work, 11 groups of eggs were set, and the highest 
percentage of normal development for any group was 83.3% and the lowest was 
0.0% normal development. The average of 47.7% is comparable to that obtained 
in 1957 (Harrison) and is more indicative of the true developmental potency of 
eggs exposed at 25° C. and subsequently incubated at 37.5° C. im ovo. The © 
present control groups consisted of 5 to 26 eggs and represent a much better 
sampling than did the 1954 group. Differences between the groups, in terms of 
susceptibility to the low temperature exposure, seem to be the result of individual 
variations in eggs. 


AREA OPACA----~ , VACUOLE 


AREA __‘ ___PRIMITIVE 
PELLUCIDA STREAK 


Imm. 


Figure 1. Morphology of a typical diffuse streak blastoderm resulting from 
incubation for 9 days at 25° C. 


Variations in level of blastoderm transection 


To determine whether or not the amount of streak which remained in a 
transected blastoderm affected its in vitro development, a series of experiments 
was performed transecting the blastoderm at different levels of the primitive streak 
behind the node. In all instances the blastoderms used were those previously 
classified as “diffuse streak.” Figure 1 represents a typical diffuse streak blasto- 
derm. In general, the area pellucida tends to be elliptical rather than narrow at 
the posterior portion as in normal definitive streak blastoderms. The posterior 
portions of the streak are no longer visible, indicating a posterio-anterior gradient 
of streak dispersal. The anterior end of the primitive streak remains but does 
not contain a clearly defined primitive pit area. Vacuolation has occurred in the 
area pellucida and frequently is more pronounced than shown in the figure. How- 
ever, the degree of vacuolation is not correlated with ability to continue normal 
development. 
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In preparation for explantation, blastoderms were removed from eggs exposed 
to the low temperature. The morphology was determined and diffuse streak area 
was measured from the anterior rim of the primitive node posteriorly to the edge 
of the area pellucida with an ocular micrometer. A transverse cut was made at 
the desired level with two finely ground steel needles. Excess area opaca was 
trimmed from the anterior piece following the method of Spratt (1947b). The 
length of the streak in the anterior piece was re-measured, and it was then placed 
on the culture medium using a wide-mouth medicine dropper. Excess Ringer 
solution was removed with a fine pipette. 


TABLE | 


Summary of results with transected diffuse streak blastoderms 
incubated in vitro for two days 


In vitro development of the explants 


Explants containing from node to Explants containing from 50% to 
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Table I summarizes the results of these explants after two days of incubation 
at 37.5° C. One hundred and six diffuse streak blastoderms were transected and 
the anterior portions explanted to the yolk-albumen medium. Thirty of the ex- 
plants included only the primitive node region or up to 49% of the primitive streak. 
Seventy-six of the explants retained from 50% to 100% of the primitive streak 
tissue. Of the explants retaining 49% or less of the primitive streak tissue only 
6.7% developed normally and 60% showed no development during the period of 
incubation. The remaining 33.3% were classified as abnormal embryos. These 
are embryos which are normal in at least one morphological system, i.e., nervous, 
circulatory (heart and/or vitelline vessels), closed gut or notochord, as revealed 
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by histological examination of serial sections. As opposed to these, explants which 
had no discernible embryonic systems or which lacked at least one normal system 
were classified as “no development.” 

In contrast, explants which retained from 50% to 100% of the streak tissue 
developed normally in 30.3% of the cases. Forty-six per cent of the explants were 
classified as abnormal and 23.7% showed no development. This developmental 
difference proved to be significant when a coefficient of correlation was made for 
variation between individual experiments as opposed to occurrence of develop- 
mental types. Comparison of normals, abnormals and those showing no devel- 
opment for explants with 49% or less of the primitive streak gave an F-value 
significant at the 0.1% level (F20.45; m = 2, mg=15). The same comparison 
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Ficure 2. Comparison of explant development in relation to amount of primitive 
streak tissue present. 


for explants retaining 50% to 100% of the primitive streak was not significant. 
Differences in the percentages of the developmental types were a factor of chance 
rather than the result of transecting the embryo. The developmental potency of 
transected embryos is enhanced when the level of transection is such that the explants 
retain more than 50% of the primitive streak tissue. 

Figure 2 summarizes material contained in Table I. The trend in develop- 
mental types shown by explants containing 49% or less of the primitive streak 
tissue is significant at the 1% level (Fs.06e; m1 = 4, m2 = 25) and the trend for 
explants with 50-100% of the primitive streak is significant at the 0.1% level 
(Fr798; m1 = 4, m2 = 50). Explants which possess a normal brain are normal 
with respect to all other systems. Consequently the percentage given is the same 
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for those classified normal. The difference between this percentage and the per- 
centage of explants showing no development is 6.6% for explants containing 
50-100% of the primitive streak. For explants retaining 49% or less of the primi- 
tive streak, the same percentage difference is 53.3%. This striking contrast in 
developmental potency between the two types of explants is significant, since both 
of the over-all trends are significant, and illustrates the necessity of including pos- 
terior portions of the primitive streak in explants. 


Removal of posterior hypoblast 


Establishment of the importance of the posterior portion of the primitive streak 
region for development of explants posed the problem as to whether or not the 
hypoblast of this region was the stimulating tissue. In an attempt to answer this 
the following experiments were performed. Low-temperature blastoderms were 


a | 


Imm. 


Figure 3. Preparation of diffuse streak blastoderm for explantation in hypoblast removal 
experiments. See text for discussion. 


removed from eggs and diffuse streak blastoderms were selected for explantation. 
The most successful operative steps were as follows. Excess area opaca was re- 
moved from around the entire area pellucida. The length of the primitive streak 
tissue was measured from the anterior edge of the primitive node posteriorly to 
the edge of the area pellucida. The blastoderm was then inverted and the meas- 
urement checked from the ventral surface. With finely ground steel needles the 
hypoblast was cut at right angles to the streak axis approximately at a level which 
would leave 37% of the primitive streak tissue anterior to the cut. This is shown 
in Figure 3 by the anterior margin of the stippled area. This transverse cut was 
continued posteriorly and parallel to the primitive streak axis at each edge to the 
junction of the areas pellucida and opaca. This flap of hypoblast was peeled back 
by gently teasing with the needles. Removal of the hypoblast was most difficult 
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in the streak region where it had an intimate fusion with the tissue of the epiblast. 
The operation was completed by making a transverse cut across the entire tissue 
at a level which left approximately 75% of the primitive streak epiblast intact. 
The explant was transferred to the culture medium. 

Figure 3 summarizes schematically the steps involved in preparing a blasto- 
derm for explantation. The solid line indicates the method of trimming the blasto- 
derm to remove the excess area opaca. The stippled area represents the portion 
of the hypoblast that is removed. The cross-hatched area is discarded after tran- 
section, leaving approximately 75% of the primitive streak tissue in the anterior 
blastoderm portion to be explanted. Essentially the explant retains 75% of the 
original streak area from which about half of the underlying hypoblast is removed 
to leave approximately 37% of the original hypoblast intact. 


TABLE II 


Summary of results in the hypoblast removal experiments 


In vitro development of explants during two 
days of incubation at 37.5° C. 


Explants with hypoblast Explants with hypoblast 
removed intact: Controls 
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The decision to transect the blastoderms at a level which would leave approxi- 
mately 75% of the primitive streak area intact was based on the foregoing experi- 
ments dealing with level of cut. And in this present series of experiments a control 
group consisted of blastoderms with the excess area opaca removed and transected 
so that about 75% of the primitive streak area remained intact. The only difference 
was that the hypoblast was left intact. 

Eighty-three explantations were made. In 33 of these hypoblast was removed, 
and the remaining 50 were controls. The nature of the development of these ex- 
plants during two days of incubation at 37.5° C. is summarized in Table II. Ex- 
amination of serial sections of explants from which the hypoblast was removed 
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showed that in all instances the hypoblast reconstituted during the two day incuba- 
tion period. 

The information in Table II is summarized in Figure 4. The information in 
the graph was analyzed for coefficient of correlation to see if the trends in develop- 
ment types for both kinds of explant were significant. The trend as seen in the 
graph for development of explants with hypoblast removed is significant at the 0.1% 
level (F 7,121; %1 = 4, m2 = 30). The F-value for analysis of the trend in develop- 
ment of explants with hypoblast intact is significant at the 1% level (F 3.587; m1 = 4, 
ng = 40). Removal of the hypoblast results in a decrease in developmental potency. 
Although there is a very slight (0.8%) difference in the numbers of embryos show- 
ing no development in the two types of explants, there is a significant lowering in 
the numbers of explants showing normality of the nervous system. The hypoblast 
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Ficure 4. Comparison of explant development in relation to presence or absence of hypoblast.- 


of the posterior primitive streak region has some influence on the normal develop- 
ment of the central nervous system. In contrast, the development of the circulatory 
system, heart and/or vitelline vessels, is not affected. This specificity of hy- 
poblast influence would be more clearly indicated if it were possible to show signifi- 
cance for the difference in percentage between explants possessing a normal heart 
as opposed to those with a normal brain for control explants in contrast to explants 
with hypoblast removed. However, a coefficient of correlation for this difference 
shows that there is as much variation between individual experiments as between 
explant types. This lack of significance can be explained on the basis of develop- 
mental sequence of the two systems. The heart forms later in development than 
does the brain. Explants which do not form a heart in the two days of in vitro 
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incubation may be expressing a slower developmental rate rather than abnormal 
development. 


DISCUSSION 


In any series of experiments which by necessity disrupt the normal conditions 
under which an embryo develops, it is important to determine the extent of the 
disruption. The various types of controls maintained in the present experiments 
provide an opportunity to determine if application of the in vitro culture technique 
has influenced the results. Of the series of in ovo controls which were exposed only 
to incubation at the normal 37.5° C. temperature for 2 days, 93.8% developed 
normally. In contrast, fertile eggs which were first incubated for 9 days at the 
lower temperature (25° C.) and then incubated in ovo at 37.5° C. contained em- 
bryos which developed normally only 47.7% of the time. This decrease in develop- 
mental potency can only be ascribed to the effect of low temperature exposure. The 
point of interest is that blastoderms which were exposed in ovo at 25° C. for 9 days 
and then cultured in vitro at 37.5° C. as transected blastoderms developed normally 
in 46% of the cases. This percentage is for explants under optimal conditions, i.¢., 
those containing 75% of the primitive streak material. The close correspondence 
of developmental capacity of low temperature blastoderms im ovo and in vitro in- 
dicates that application of the culture method is valid and does not affect the 
developmental potency of blastoderms in terms of the first two days of development. 

The drop in developmental potency when posterior portions of the primitive 
streak region are removed by transection or dissection indicates that tissue of this 
region is concerned with normal development of the central nervous system, pri- 
marily with morphogenesis of the brain. Specifically those experiments involving 
removal of the hypoblast show that the tissue which is related to this process is 
the hypoblast. Transection at levels which remove the posterior half of the 
primitive streak region results in a drop in developmental potency which can be 
duplicated by removal of the hypoblast from that area while leaving the epiblast 
intact. This does not imply that the drop in developmental potency is reflected in 
a great increase in the numbers of explants which show no development. Rather 
the striking change is in the numbers of embryos that are abnormal as a result of 
mal-development of the central nervous system. 

A corresponding influence, or organizer-like activity, of the posterior hypoblast 
is not shown in work with normal definitive streak blastoderms. Fraser (1954) 
investigated the role of the posterior hypoblast in normal primitive streak embryos 
and concluded that this tissue is not essential. The difference in conclusions may 
be explained on the basis that the low temperature blastoderm and the normal 
definitive streak blastoderm are not physiologically and developmentally identical. 
The ability of a diffuse streak blastoderm which has not undergone involution 
(Harrison, 1957) to re-form a primitive streak indicates that it still retains develop- 
mental capacities of a normal pre-streak blastoderm. It is conceivable that the 
posterior hypoblast of the pre-streak blastoderm possesses an organizer-like activity 
that has been expressed by the time the blastoderm attains the definitive streak 
stage. This concept agrees with Waddington’s work (1933) in which he showed 
that pieces of posterior hypoblast were capable of inducing axiation in anterior 
epiblast which normally gives rise to extra-embryonic material. 

If an organizer activity by the posterior hypoblast is assumed, it is possible to 
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hypothesize that the effect of lowered temperature is upon the hypoblast. The 
greater sensitivity of the nervous system to low-temperature incubation as opposed 
to that of the heart and/or vitelline vessels would be an expression of hypoblast 
sensitivity. This would explain the apparent residual effect of low-temperature 
incubation, 7.e., low temperature exerts its effect at a time in development before 
the central nervous system begins to form. 


SUMMARY AND CONCLUSIONS 


1. This paper reports work showing the influence of posterior hypoblast on the 
in vitro development of diffuse streak blastoderms produced by incubation at low 
temperature (25° C.). 

2. Normal im ovo controls incubated at 37.5° C. for two days show 93.8% 
normal development. Jn ovo controls incubated at 25° C. for 9 days followed by 
two days’ incubation at 37.5° C. produced normal embryos in only 47.7% of the 
cases. Transected blastoderms explanted to a yolk-albumen medium following 
9 days’ exposure in ovo at 25° C. developed normally in 46% of the cases. Thus 
the drop in developmental potency is the result of low-temperature exposure rather 
than transection. 

3. Fertile eggs were incubated for 9 days at 25° C. The blastoderms were 
removed from the yolk and only those containing a diffuse streak were chosen for 
transection and explantation to a yolk-albumen medium. The results show that 
explants which retain only the primitive node region or up to 49% of the primitive 
streak tissue have a lower developmental potency than explants in which 50-100% 
of the primitive streak region was retained. 

4. A series of explants were transected in such a manner that approximately 
75% of the original primitive streak epiblast and about 37% of the original hypoblast 
beneath the streak remained. In comparison with explants which retained 75% of 
both hypoblast and streak region, those with hypoblast removed show a significantly 
lower developmental potency with respect to formation of normal brain. 

5. The present results are discussed in correlation with previous results dealing 
with the effect of low temperature incubation on morphogenetic processes. 
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OVIDUCT OF THE NEWT, TRITURUS VIRIDESCENS* 


A. A. HUMPHRIES, JR. AND W. N. HUGHES? 
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The physiological importance of the jelly secreted by the oviducts of amphibia 
has become increasingly apparent in recent years, especially so with regard to the 
process of fertilization (Good and Daniel, 1943; Bernstein, 1952; Kambara, 1953; 
Nadamitsu, 1953, 1957; Tchou-Su and Wang Yu-Lan, 1956; Hughes, 1957). 
Previous work in this laboratory seems to show that the jelly is somehow involved 
in the normal blockage of meiosis in the eggs of Triturus viridescens (Humphries, 
1955, 1958, and unpublished) ; thus for our work, it had become almost essential to 
know more of the nature of the oviducal secretions and something of the parts of 
the oviduct which were actively involved. 

The oviducts of Triturus viridescens, as well as those of other urodele am- 
phibians, exhibit a gross and histological differentiation into rather well-defined 
regions (Adams, 1940, 1950; von Wahlert, 1953). Adams (1940) described six 
regions: (1) the infundibular region, (2) a transparent region with a watery 
secretion, (3) an opaque region with eosinophilic granules, (4) a transparent, wider 
section, similar to section 2, (5) an opaque, chalky-white region, similar to section 3, 
and (6) a straight vaginal section with fewer folds and fewer secretory cells, which 
leads to the cloaca. The first three lie anterior to the kidney, the remaining three 
lie parallel to the kidney. For our purpose, however, it seemed desirable to designate 
the divisions of the oviduct somewhat differently, as follows: an infundibular, or 
ostial region, apparently non-secreting, at the extreme anterior end; a region A, just 
posterior, of gray color, ending abruptly in a white, or B region, of about the same 
diameter, which gradually decreases in diameter and whiteness until it passes into 
region C, a division of small diameter and gray color. Region D begins abruptly 
as a much wider section of dull white coloration, and region E as a division with 
about the same diameter as D, but with a brighter white color. The posterior part 
of E is narrower and less convoluted than its anterior portion. Our region A 
seems to correspond to region 2 of Adams, B and C to her region 3, D to her 
region 4, and E apparently includes regions 5 and 6. 

In view of the striking regional zonation of the oviduct and what is known of 
the chemistry of amphibian egg jelly, it appeared that an investigation of the poly- 
saccharide histochemistry of the secretory portions might provide useful information. 


MATERIALS AND METHODS 


All animals were collected in April from the vicinity of Franklin, North Caro- 
lina, and maintained in a refrigerator at about 12° C. until used. Oviducts were, 


1 Supported by an Institutional Grant from the American Cancer Society. 
2 Present address: Department of Biology, Lubbock Christian College, Lubbock, Texas. 
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in general, taken from animals which had been treated with one or two injections 
of Antuitrin “S”’ (Parke, Davis) to induce ovulation, but several animals were taken 
directly from the refrigerator and immediately sacrificed without treatment. No 
differences between the oviducts of treated and untreated animals were observed. 
In either case, the oviducts were in the normal condition for animals in the breeding 
season. Oviducts were, in one instance, taken from an animal which had com- 
pleted her breeding activity, and in this animal the oviducts were considerably 
smaller in diameter and less convoluted than in females in breeding condition. The 
results presented here represent studies of the oviducts of thirteen animals, though 
not all of these were used for all procedures. 

Periodic Acid-Schiff Method: Portions of the oviduct were fixed in Bouin’s 
fixative, 10% formalin, or Carnoy’s fixative, embedded in Tissuemat, and sectioned 
at 10 microns. The PAS procedure was carried through on both untreated sec- 
tions and sections treated with saliva or malt diastase for removal of glycogen. 

Toluidine blue: Fixation was in Bouin's fixative, 10% formalin, Carnoy’s 
fluid, or in 4% basic lead acetate followed by formalin. Sections were stained for 
ten minutes in a 0.03% solution of toluidine blue O in a citrate buffer at pH 3.8, 
after which they were dehydrated in alcohol, cleared in xylene, and mounted in 
Clarite or Canada balsam. 

Alcian blue: Fixation was in Carnoy’s fluid or 10% formalin. Most of the 
staining was done with Alcian Blue 8GX 300, kindly supplied by Arnold, Hoffman 
and Company, Providence, Rhode Island. However, several slides from each 
region were stained with alcian blue obtained from the Hartman Leddon Company. 
For our purposes the dye from the former source was considerably superior, since 
it appeared to have a greater differential specificity for the several regions of the 
oviduct. Sections were stained for twenty minutes in a 0.3% solution of the dye 
in 3% acetic acid (pH 2.5 to 2.6). 

Hyaluronidase: Nearly all the tests with hyaluronidase involved material from 
region A only. Testicular hyaluronidase, assayed at approximately 300 U. S. P. 
units per mg., was obtained from Nutritional Biochemicals Corporation. Sections 
were treated in solutions of enzyme in 0.3% NaCl at pH 5.7 or in a phosphate 
buffer at pH 6.7, at 37° C. Several concentrations and periods of treatment were 
used, ranging up to 60 U.S. P. units per ml. for as long as eighteen hours. Stain- 
ing was done with toluidine blue, as described above. Controls consisted of 
alternate sections placed in comparable solutions of boiled enzyme and in enzyme- 
free solutions. 

Ribonuclease: Ribonuclease (Worthington) was used in a 0.1% solution at 
pH 5.9. Sections (chiefly from region A) were treated for periods of one hour or 
six hours at 37° C. Following treatment, sections were stained for ten minutes in 
toluidine blue, as described above, in 1% pyronin Y in aqueous solution at pH 
3.4, or in 1% pyronin Y in a phosphate buffer at pH 6.7. 


OBSERVATIONS 


\ll the descriptions to follow refer to the secretory epithelium alone. In general, 
regions A, B, and D showed reactions in common while regions C and E responded 
differently but like each other. 
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The entire secretory portion of the oviduct stained intensely with the PAS 
technique. The ostial region, which presumably is relatively non-secretory, and js 
characterized by very low epithelium, stained pink. The A region stained a bright 
purplish red, whereas regions B, C, D, and E stained a distinctly different shade 
which might be called reddish purple. The staining of all portions remained un- 
changed after treatment with saliva or malt diastase. 

There was a marked difference in the response of the several regions to 
toluidine blue. The staining of the ostial region was orthochromatic. Region A 
showed violet to purple metachromasia in all cases. This region in the one post- 
breeding animal also showed metachromasia after all fixatives; however, the color 
produced in lead acetate-fixed material was chiefly blue. The metachromasia of 
region A is alcohol-fast. After destaining for periods up to one and one-half hours 
in 70% alcohol, the major part of the stain was removed, yet the violet meta- 
chromasia persisted. Region B usually stained an orthochromatic dark blue, but 
in some cases strong tinges of purple were seen. There was, however, no difficulty 
in distinguishing between regions A and B following this stain. Sections from 
region C showed little or no cytoplasmic stain, and that which was present was 
usually a very light blue. In a few cases there were traces of metachromasia. The 
staining reaction of region C, then, was a striking contrast to that of either A or B. 
Preparations from region D were variable in their response to toluidine blue, but, 
for the most part, the cytoplasm stained a pale blue, and nearly all preparations 
showed at least some violet metachromasia. The cytoplasm in cells of region E 
stained a pale blue, with no trace of metachromasia. 

The reaction of the several regions to alcian blue was also varied. The cyto- 
plasm of the secretory cells of region A stained a bright sky blue, as did that of 
region B. The cells of region C, however, stained only lightly. In many cases the 
stain in this region was so light as to be only barely detectable. The cytoplasm of 
the cells of region D stained sky blue, similar to the reaction of regions A and B, 
while that of region E was extremely lightly stained, similar to the reaction of the 
cells of region C. 

Although only one slide from each region was used, it may be worthwhile to 
mention that results with Hale’s technique were essentially the same as those with 
alcian blue, but gave promise of less clear differentiation between the regions. 

Treatment with hyaluronidase failed to alter the strong violet metachromasia of 
region A, or, in the few tests run, the staining reactions of regions B, C, or D. 
Similarly, treatment with ribonuclease failed to alter the staining reaction of the 
cytoplasm of the cells of either region A or region B. No other regions were tested. 





DISCUSSION 


These results show the secreting epithelium of the newt oviduct to be rich in 
polysaccharide, apparently distributed qualitatively among the several regions. The 
histochemical differences follow the zonation which is anatomically demonstrable. 
It is clear that the epithelium contains polysaccharide other than glycogen, since the 
PAS reaction of all regions remains unchanged aiter glycogen digestion. The 
PAS technique allows but little differentiation between the regions, however, since 
region A is the only one which stains in a fashion distinctly different from the 


others. 
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A striking parallelism between metachromatic staining with toluidine blue and a 
positive reaction with alcian blue has been previously shown (Vialli, 1951; Wagner 
and Shapiro, 1957). This finding was clearly borne out in our material. Un- 
fortunately, the metachromatic staining reaction has had a long history of confusion 
as to application and interpretation, but “true’”’ metachromasia, in the sense of Lison 
(1953) or Kramer and Windrum (1955), generally is taken to indicate the presence 
of sulphated mucopolysaccharides, though nucleoprotein has also been reported to 
stain metachromatically at times (Wiame, 1946; Penney and Balfour, 1949; Kramer 
and Windrum, 1955). The occurrence of alcohol-resistant beta (violet) meta- 
chromasia, such as encountered in our material, is strong presumptive evidence of 
nucleoprotein, according to Kramer and Windrum (1955). However, we found no 
change in staining reaction with toluidine blue or with pyronine following treatment 
with ribonuclease. Results of several workers (especially Vialli, 1951; Lison, 
1954; Mowry, 1956; and Wagner and Shapiro, 1957) indicate that alcian blue 
positivity is good evidence for the presence of acidic carbohydrates. Combining the 
evidence, then, the distinctive staining reactions of region A, in particular, and 
probably those of regions B and D, would seem most likely attributable to the 
presence of acid polysaccharide. The results with hyaluronidase seem to rule out 
the possibility that the distinctive reactions, at least of region A, are due to hyalu- 
ronic acid or anything very closely related to it. 

Similar findings with respect to the PAS reaction, toluidine blue metachro- 
masia, and hyaluronidase treatment have been reported for the Japanese newt, 
Triturus pyrrhogaster, by Kambara (1956a, 1956b, 1957a, 1957b). Due to lack of 
certainty as to corresponding regions in oviducts of the two species, it is not possible 
to make more than a rough comparison of our results with those of Kambara, but 
our results show strong general agreement with his. 

The most probable conclusion to be drawn, at present, from the findings of 
distinctive reactions along the oviduct is that the differential staining is due to the 
presence of acid polysaccharide in regions A, B, and D only, with the positive PAS 
reaction of regions C and E due perhaps to neutral polysaccharide. However, 
quantitative differences alone might account for the results. Since PAS positivity 
and strong metachromasia do not tend to coexist, it is worthwhile to note the sug- 
gestion of Hale (1957), that the combination may be caused by the presence of two 
distinct substances. Our evidence, coupled with evidence from studies on the 
chemistry and physiology of egg jellies themselves (Immers and Vasseur, 1949; 
Vasseur, 1952; Kelly, 1954; Minganti, 1955; Runnstr6m and Immers, 1956), 
leads to the conclusion that the metachromasia and alcian blue positivity of regions 
A, B, and D are probably due to the presence of a heparin-like compound. If this 
is the case, and if, as seems quite probable, the innermost layer secreted about the 
egg contains the substance, it may very likely have significant effects upon the 
physiology of the maturing oocyte. The effects of heparin and heparin-like com- 
pounds on the physiology of cells, especially egg cells, have been studied for years, 
particularly by Heilbrunn and his co-workers (see Heilbrunn, 1956, for references). 
In addition, one of us (Humphries, 1955, 1958) has obtained results which have 
led to the hypothesis that the oviducal jelly plays an important role in the natural 
blockage of the second meiotic division in the oocyte prior to fertilization. Oocytes 
never exposed to oviducal jelly, such as coelomic eggs and eggs stopped experi- 
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mentally in the ostial (non-secreting) part of the oviduct, are capable of completing 
meiosis, while eggs exposed to jelly have in no case been seen to advance beyond 
the normal stage of blockage, metaphase II. It is perhaps significant that as the 
oocyte enters the first secreting portion of the oviduct it is completing the first 
meiotic division or beginning the second (Humphries, 1956). One of the possible 
explanations of the meiotic blockage is that the oviduct secretes an antimitotic 
substance. This possibility led to the present study of the histochemistry of the 
oviduct, with the aim of gaining information concerning the secretions of particularly 
the more anterior regions. Since heparin-like substances have been shown to act as 
antimitotics (see especially Heilbrunn, 1956, and Heilbrunn et al., 1957), the dis- 
covery that oviducal region A apparently produces a heparin-like compound is in 
good agreement with the hypothesis. If this type of antimitotic is involved, how- 
ever, it is surprising that blockage of the division occurs at metaphase, rather than 











prior to spindle formation. 






SUMMARY 






1. Application of some techniques of polysaccharide histochemistry to the oviduct 
of the newt showed a histochemical differentiation of the secretory epithelium cor- 
responding to the grossly and histologically demonstrable zonation of the oviduct. 
\ll regions responded positively to the PAS technique. No difference was detected 
in sections previously exposed to glycogen digestion methods. Regions designated 
A, B, and D were metachromatic with toluidine blue and reacted positively to alcian 
blue. 

2. The most probable explanation of the differences in staining reaction seems 
to be the presence of an acid polysaccharide, probably a heparin-like compound, in 
regions A, B, and D, and its absence (or much lower concentration) in regions C 
















and E. 
3. The possible significance of the findings relative to the physiology of the 
oocyte, particularly with regard to meiotic blockage, is discussed. 
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The remarkable demonstration by Loomis (1955) that reduced glutathione 
(GSH) induces a feeding response in Hydra led us to examine the feeding re- 
sponses of other cnidarians. Our object was to see whether the chemical control 
of feeding occurred in other hydrozoans and to identify the chemicals involved. 
The first organism selected was the Portuguese man-of-war, Physalia physalis L. 
Many different types of zooids suspend from the crested pneumatophore, or float, 
of this colonial hydrozoan (Figs. 1-4). Among the most numerous are the gastrozo- 
oids (Fig. 5), which are the only members of the colony capable of ingesting food. 
These gastrozooids have the usual polyp form, but lack tentacles. In the feeding 
process, the prey is drawn up to the gastrozooids which apply their mouths to the 
surface of the prey; the lips of the gastrozooids then spread out until they envelop 
the prey (Fig. 4) and digestion proceeds. This process has been described briefly 


by Wilson (1947). The present report describes the chemical control by GSH of 
the behavior of both isolated and attached gastrozooids, and discusses the possible 
evolutionary significance of these findings. 


MATERIALS AND METHODS 


Physalia were captured off the coast of Woods Hole, Massachusetts, in the 
summers of 1957 and 1958 and were maintained in aquaria supplied with fresh 
running sea water. A total of fifteen colonies were studied. Hydra littoralis were 
grown by the methods of Loomis and Lenhoff (1956). 

Experiments testing the effects of GSH and cysteine were performed in the 
following manner : 

1) Groups of gastrozooids were removed from the float with forceps and scis- 
sors. Single polyps were separated, collected in a finger bowl, and rinsed several 
times to remove any fluids that had oozed from the cut surface. This washing 
prevented most of the spontaneous opening of the gastrozooid mouth which oc- 
casionally occurred after the gastrozooids were isolated. Apparently this spon- 
taneous mouth opening is a response to some substance released from either the cut 
surface of the gastrozooid itself, or from recently ingested food in the cavity of the 
gastrozooid. 

2) The rinsed gastrozooids were distributed randomly in a series of finger 
bowls, each containing 90 cc. of fresh sea water (non-aerated). Only newly iso- 
lated gastrozooids with closed mouths were used. 


1This research was supported by a grant (H-1887) from the National Heart Institute, 
U. S. Public Health Service. 
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Figure 1. Physalia fishing tentacle captures small fish. 
Figure 2. Fishing tentacle draws fish into colony of zooids. 
Figure 3. Enlargement of Physalia zooids. Note the long coiled fishing tentacle, and the 
many small finger-like, white tipped gastrozooids. 

Figure 4. Gastrozooids envelop captured fish. Note, in the area of the caudal fin, the 
mosaic pattern formed by the rims of the spreading gastrozooids in contact with each other. 
Compare this arrangement with that of the isolated spreading gastrozooids shown in Figure 7. 


3) After the gastrozooids were added to the finger bowls, 10 ml. of a freshly- 
prepared, neutralized solution of GSH or cysteine were added to give final concen 
trations ranging from 10°* to 10° M. 


EXPERIMENTAL RESULTS 


1. Observations of the “feeding response” of Physalia gastrozooids 


In the experiments to be described, the gastrozooids exhibited a specific “feed- 
ing response,’ which is described here in detail. Several of the stages are illus- 
trated in Figures 5-8. 
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Figure 5. Isolated gastrozooid. The mouth is at the uppermost part at the end of the 
narrow cylindrical neck. 

Figure 6. Gastrozooid induced to spread by GSH. Note the many small batteries of 
nematocysts along the rim of the gastrozooid lip. 


Figure 7. Several GSH-induced spreading gastrozooids cover a large surface area. 
Figure 8. Gastrozooids turned partially inside out by GSH. 
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Upon addition of GSH or fresh fish blood, the isolated gastrozooids immediately 
began to writhe. Within five minutes their mouths opened. Whenever a mouth 
contacted a solid object, such as a fish or a glass surface, it attached itself and began 
spreading (Fig. 6) as if to enclose the object in conjunction with the other spread- 
ing gastrozooids (Fig. 7). The gastrozooids, normally about 1 to 2 mm. in di- 
ameter, frequently spread to a diameter of 20-25 mm. By this process many 
small gastrozooids could surround and digest a large fish (Fig. 4). The spreading 
phenomenon usually took about one-half hour from initial contact with the solid 
object until the maximum diameter was reached. This spreading of the gastrozo- 
oids may persist for only a few minutes or last for two or more hours. The dura- 
tion probably depends in part upon the nature of the surface to which the gastro- 
zooid is attached (1.e., smoothness, etc.) and upon their nutritional state. Oc- 
casionally spreading gastrozooids detached from the solid object and folded back 
over themselves, sometimes completely inverting so that endoderm was on the 
outside and ectoderm on the inside (Fig. 8). A similar phenomenon was described 
by Loomis (1955) in Hydra. 

Some outspread gastrozooids migrated slowly over the surface of the solid ob- 
ject leaving a “mucous” trail. The polyp probably secreted extracellular proteolytic 
enzyme in this mucus to partially break down its prey. 


2. Feeding response of the intact animal 


A small piece of filter paper, soaked in a 10-* M solution of GSH, was placed 
several centimeters from the gastrozooids of an intact Physalia. A typical feeding 
response occurred, with active squirming of the gastrozooids and then a spreading 


of their mouths on the paper and on the wall of the aquarium. 


3. Demonstration of a chemical feeding mechanism using live prey 


Ten gastrozooids and a small killifish (Fundulus sp. ) (8 cm.) were placed in a 
finger bowl. After a half hour no feeding response of the gastrozooids was ob- 
served. At this time a fragment of a fishing tentacle armed with a large number 
of nematocysts (Fig. 3) was dropped onto the fish. The fish thrashed about for a 
moment and became immobilized. Within 10 to 15 minutes most of the gastro- 
zooids began spreading on the surface of the finger bowl, apparently in response to 
some substance released from the pierced fish. Had the gastrozooids been close to 
the fish (as occurs when the intact colony draws the prey up to the float) then 
doubtless their mouths would have enveloped the fish (Fig. 4). 


4. The effect of different concentrations of reduced glutathione 


Ten gastrozooids were placed in several concentrations of GSH. The number 
of gastrozooids spreading was counted at intervals. As shown in Table I, after 
approximately two and one-half hours, 80-90% of the gastrozooids in 10-°—10°° 
M GSH had spread their mouths over the surface of the glass bowl. The fact that 
higher concentrations failed to elicit this response is not unusual, and finds a parallel 
in Hydra where concentrations of GSH above optimum caused a tight closing of 
the animal’s mouth. Also, as in Hydra, concentrations of GSH less than 10-7 M 
were ineffective. 
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TABLE | 


Number of gastrozooids spreading in different concentrations of reduced 
glutathione after various time intervals* 


Time (min.) 





Reduced 
glutathione 
concentration 





10° M 
10-* M 
10-5 M 
10-* M 
10-7 M 
10-* M 
0 M 


eococaqanceo 


! 





* Ten isolated gastrozooids were exposed to each concentration. 
** Spread only slightly. 


A delayed spreading phenomenon was often observed at high concentrations of 
GSH. For example, 9 of 10 gastrozooids, which initially failed to respond to 10° 
M GSH, responded 7 hours after the start of the experiment. Occasionally a few 
gastrozooids took as long as 24 hours to respond. Perhaps these delayed responses 
occurred when the “excess” GSH had oxidized, giving the optimum concentration. 


5. A comparison of the effects of cysteine and of reduced glutathione 


The effects of another biological reducing agent, cysteine, were tested. The 
results shown in Table II clearly demonstrate that cysteine failed to induce a feeding 
response at concentrations at which GSH was active. 


6. Differences in the feeding response of animals in different physiological states 


In one series of experiments the effects of GSH were studied on gastrozooids 
from two Physalia in different physiological states. The first (ca. 16-cm. float) was 
maintained without food in the laboratory for one week, while the second (ca. 24-cm. 
float) was kept under the same conditions for one day. The results in Table III 
indicate that the one-day captive responded rapidly to 10 M GSH, while the 


TABLE II 


A comparison of the effects of cysteine and of reduced 
glutathione on the spreading of gastrozooids* 


Number spreading at 90 minutes 
Concentration Cysteine Reduced glutathione 
10-* M = 0 
10-5 M 0 8 
10-* M 0 4 
10-7 M 0 2 


* Ten isolated gastrozooids were exposed to each concentration. 
** Spread only slightly. 
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7-day captive did not. Also, the response was quicker in the one-day captive 
animal at all concentrations of GSH. These differences may have been due to the 
nutritional state or over-all well-being of the one-day captive animal as compared 
to the 7-day captive animal. 

Further studies of more than a dozen Physalia revealed striking differences in 
the responsiveness of the gastrozooids to GSH. Sometimes newly-captured Phy- 
salia exuded a copious mucus secretion for several days. Gastrozooids from these 
mucus-covered animals were usually unresponsive to GSH. By contrast, in 
captives which produced little mucus the gastrozooids always responded. In one 


TABLE III 


A comparison of the effect of different concentrations of reduced glutathione after various time 
intervals on the gastrozooids of a 7-day captive and 1-day captive Physalia* 


7-day (16-cm. float) one-day (24-cm. float) 





Time (min.). 





Concentration Per cent spreading 





10-* M 0 0 66 
10-5 M 10 50 33 83 
10-* M 20 50 50 50-66 





* Ten isolated gastrozooids of the 7-day captive and 6 of the one-day captive were used at 


each concentration. 


case an animal was kept in the laboratory for two weeks and its gastrozooids re- 
sponded throughout this period. 


DISCUSSION 
1. Feeding response 


In Physalia, the feeding response of the gastrozooid involves mouth-opening, 
spreading, and food ingestion. The food is drawn to the gastrozooids by the 
dactylozooids. Each gastrozooid then writhes and stretches until its mouth comes 
in contact with a solid object, whether it be the fish that the colony has captured, 
or the wall of the container in which the gastrozooids were placed. In Hydra the 
tentacles writhe and sweep inward toward the mouth. The mouth then opens and 
ingests the prey whenever the prey is brought in direct contact with it (Ewer, 1947). 
Thus in contrast to Physalia where the whole gastrozooid writhes, in Hydra only 
the tentacles writhe. Moreover, in Hydra, the body tube and mouth do not spread 
when exposed to GSH, but do so only when the food, or some other solid object, 
is brought to the mouth by the writhing and contracting tentacles. For example, 
when 10 Hydra were placed in each of a series of Petri dishes having 25 ml. of 
GSH of 10-* to 10-7 molarity, none of the Hydra exhibited the spreading phenome- 
non, although their mouths opened. This failure to spread was not due to the 
tentacles blocking the mouth, because removal of the tentacles did not increase 
spreading. However, when 10 Hydra were crowded in a 0.5-ml. volume of 10 
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M GSH so that their mouths were forced to contact the wall of the container or the 
surface of the water, 6 animals spread within 3 minutes. 

It must be stressed that mere mouth opening or writhing does not indicate a 
feeding response in Physalia or in Hydra. The only true index of a feeding re- 
sponse is an actual attempt to feed—that is, to spread the mouth over or around 
the prey. Many deleterious chemicals cause writhing or mouth opening. For 
example, in Physalia, high concentrations of alloxan (which, besides inhibiting the 
true feeding response, subsequently killed the gastrozooids) caused occasional 
“mouth opening” but no characteristic feeding response. This “gaping” has also 
been observed in Hydra by using Tween, and other harmful compounds (Lenhoff, 
unpublished observations). 


2. The action of reduced glutathione 


The data leave little doubt that GSH induces a feeding response in Physalia 
just as it does in Hydra. We cannot be certain that GSH is the only biological 
compound that will induce the response in Physalia but the clear response of the 
gastrozooids to low concentrations of GSH, coupled with Loomis’ finding (1955) 
that no other commonly occurring compound of many tested worked on Hydra, 
make this likely. Since a gastrozooid of Physalia is four to six times as long as a 
Hydra, and thicker, it should be practical to explore the detailed mechanism of the 
feeding response with greater ease than in the case of Hydra. For example, it 
should be possible to locate the receptor cells sensitive to GSH and to explain the 
mechanics of the transformation of the cylindrical gastrozooid into a disc. 


3. Phylogenetic considerations 


The Siphonophora are commonly regarded as the most specialized order of the 
Hydrozoa in that they attain the highest degree of polymorphism and present the 
greatest number of medusoid and polypoid types. While there is some disagree- 
ment regarding the phylogenetic relations within the group, there appears to be no 
question but that they have clear hydrozoan characters (Hyman, 1940; Totten, 
1954). Furthermore it is generally accepted that save for the Chondrophora (¢.g., 
Velella) which are now thought to have close affinities with tubularian hydroids 
(Totten, 1954; Rees, 1957), the Siphonophora proper, including Physalia, early 
diverged from the cnidarian stem and evolved in directions quite different from 
other hydrozoans (Hyman, 1940). On the other hand, Hydra itself is commonly 
considered a highly specialized gymnoblastic hydroid, in all likelihood a fresh-water- 
adapted tubularian (Hyman, 1940). Thus among the Hydrozoa it would be hard 
to find two forms which diverged earlier from one another during evolution—two 
forms which are very specialized and not generalized members of their class. Rec- 
ognizing this, the demonstration of a GSH-induced feeding response in both forms 
assumes special interest. It suggests that either (1) this GSH-induced response 
is primitive (Loomis, 1955) and has persisted through the course of geological 
time since these animals diverged because they both retain a primitive carnivorous 
feeding habit, or (2) that this is simply convergence. The former suggestion is 
not only more attractive but is more likely, and implies that GSH-stimulation of 
feeding is a very ancient coordinating system and will be found among many of the 





FEEDING IN PHYSALIA 459 


Hydrozoa and possibly among Scyphomedusae and Anthozoa as well. This con- 
clusion finds support in recent observations that Campanularia flexuosa, a calypto- 
blastic hydroid unrelated to either Hydra or Physalia, gives a feeding response to 
GSH. It must be emphasized, however, that the presence of a GSH response in 
these three hydrozoans does not rule out the possibility that other small molecules 
in the fluids released from captured prey may function in the feeding response of 
other cnidarians. The essential feature of the primitive feeding mechanism is that 
the prey must release fluid when pierced (see below). 

These experiments support the opinion offered earlier (Schneiderman and 
Gilbert, 1958) that the evolution of chemical control mechanisms has proceeded by 
particular groups of animals adapting available and often ubiquitous molecules to 
special tasks. Under this view the evolution of hormonal coordination involves 
primarily the evolution of receptor systems sensitive to specific molecules rather 
than any evolution of hormones as such. 

The chemical similarities between the nematocyst-GSH feeding mechanisms of 
Physalia and Hydra invite inquiry into the nature of their possible common ancestor. 
Both of these organisms sting and capture their prey by means of nematocysts. It 
is of interest in this connection that the nematocyst capsule of Hydra (Lenhoff 
et al., 1957) and Physalia (Lane and Dodge, 1958; Lenhoff and Kline, 1958) are 
composed of similar kinds of unusual hydroxyproline-rich, collagen-like proteins. 
After the prey is penetrated, the GSH in the fluids flowing from the wound stimu- 
lates the feeding response. 

Since Hydra and Physalia both have a nearly identical chemical control of their 
feeding behavior, and since their nematocysts are of a unique chemical composition, 
it seems probable that both animals evolved from a common hydrozoan stem-form 
which also possessed these chemical characteristics. It is noteworthy that the 
nematocyst-GSH mechanism can only be used to capture prey which has sufficient 
body fluids to release enough GSH on being stung to elicit the feeding response 
(4.e., organisms which have either a pseudocoelom, or vascular system) (Loomis, 
1955). Therefore, either (1) the primitive nematocyst-bearing hydrozoan stem- 
form ate prey which was more highly evolved than itself, or alternatively, (2) the 
primitive nematocyst-bearing hydrozoan stem-form fed on some presently unknown 
lower form, perhaps a large protozoan, with a great deal of body fluid. We favor 
the first alternative and prefer to believe that the hydrozoan stem-form fed on 
animals with “vascular” fluids (i.e., nematodes, and members of higher phyla). 

These facts permit us to speculate about the feeding habits of the ancestral 
cnidarians, i.e., the forms from which the Hydrozoa and the other classes of Cnidaria 
evolved. Ordinarily one hesitates to base phylogenetic schemes on feeding habits 
which in most phyla are notoriously labile. However, the universal use of nemato- 
cysts to capture prey by all contemporary cnidarians supports the view that the 
feeding habits of members of this phylum are far more stable than those of other 
animals. The ancestral cnidarians most probably fed on animals which were of a 
lower grade of organization than themselves, and hence could not have employed 
the nematocyst-GSH mechanism. Most likely they were filter feeders like many 
present-day Anthozoa. Under this view, nematocyst-bearing cnidarians with a 
GSH-mechanism evolved from filter-feeding ancestors at the same time as did 
higher forms. Thus cnidarians with nematocysts (a diagnostic feature of the 
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phylum) may be removed from their position as the ancestors of higher metazoans, 
Whether they are members of a regressive line of evolution which have degenerated 
because of a sessile habit (Hadzi, 1953), or are an offshoot of a progressive line 
of evolution, remains to be proven. Since all these events took place in the Pre- 
Cambrian Era, none of these suggestions can be ruled out at present and doubtless 
others will arise. 


Our special thanks go to the Supply Department of the Marine Biological 
Laboratory at Woods Hole who went to great efforts to capture the Physalia used 
in this study; to Dr. Sears Crowell for his helpful comments on the typescript of 
this paper and for his help in conducting experiments with Campanularia; and to 
Mr. Ernest Bay for his most valuable contribution in photographing our 
observations. 

SUMMARY 


1. Physalia gastrozooids, both isolated and im situ, exhibit a feeding response 
when exposed to low concentrations of reduced glutathione (10° — 10°* M). 

2. Cysteine did not elicit the response. 

3. The feeding response of the gastrozooid consisted of opening of its mouth and 
the subsequent spreading of its lips over a large area in an attempt to envelop the 
prey. This response resembles a similar GSH-induced feeding response found in 
Hydra. 

4. The sensitivity to GSH depended upon the physiological state of the 
Physalia. 


5. The significance of this primitive chemical coordinating mechanism in relation 
to the evolution of the Cnidaria and of the Metazoa as a whole is considered. 
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OBSERVATIONS ON THE GROWTH OF DUNALIELLA 
EUCHLORA IN CULTURE? 


JACK McLACHLAN ? AND CHARLES S. YENTSCH 


Woods Hole Oceanographic Institution, Woods Hole, Mass. 


Under natural conditions, an intimate, but poorly understood relationship exists 
between bacteria and phytoplankton. Some investigators have claimed that phyto- 
plankton produce a substance which is inhibitory to the growth of bacteria (Steemann 
Nielsen, 1955a, 1955b; Steemann Nielsen and Jensen, 1957). Contrariwise, the 
results of Waksman et al. (1937) suggest a harmonious relationship between algae 
and bacteria. 

In experimental work, the use of bacteria-free cultures is customary. It has 
not always been possible to obtain bacteria-free cultures, and the assumption has 
been that the growth of the alga would have not been altered if axenic cultures 
had been used (cf. Goldberg et al., 1951; Kain and Fogg, 1958). This assump- 
tion seems correct when using media with no organic additions (McLachlan, un- 
published). However, little is known of the effects of bacteria on the growth of 
algae in cultures containing organic supplements. 

In the present investigation, growth of the green flagellate Dunaliella euchlora 
WHOI-1 in pure culture and contaminated cultures containing organic enrichments 
was studied. Growth was estimated by cell numbers and chlorophyll a synthesis. 
The production of algal and bacterial inhibitors was also investigated. 


MATERIALS AND METHODS 


A pure culture of Dunaliella euchlora Lerche strain WHOI-1 (McLachlan, 
1959) was used in this study. The alga was grown in a modification of the ASP 
medium of Provasoli et al. (1957); the composition of this medium is presented 
in Table I. In some of the experiments, the ASP medium was enriched with 
organic material by the addition of beef extract (0.3 g./l.) and bactopeptone (0.5 
g./l.). At 16% nitrogen, this corresponds to an addition of about 9.1 mM of 
organic nitrogen, or nine times as much as is available in the basic medium. The 
cultures were incubated at 16° C. under 3,000 meter-candles of illumination pro- 
vided by 40-watt fluorescent lights. Growth of the alga was determined by cell 
counts made in duplicate with a total of eight replicate counts using a Levy hemo- 
cytometer, and is expressed as logs N;/N, where N, is the concentration of cells at 
inoculation and N; the concentration at time t. 

Chlorophyll a was measured spectrophotometrically in acetone extractions ac- 
cording to the Richards with Thompson method (1952) as modified for use with 
the millipore membrane filter procedure of Creitz and Richards (1955). The con- 


1 Contribution no. 1010 from the Woods Hole Oceanographic Institution. This investiga- 
tion was supported, in part, by a grant from the National Science Foundation. 
2 Public Health Service Research Fellow of the National Institutes of Health. 
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TABLE | 







Composition of the modified ASP medium 














NaCl 410 mM FeCl;-6H,O 1.5 uM 
MgSQ,-7H:O 24 mM H;BO; 185.0 uM 
MgCle-6H.O 22 mM MnCl,-4H:0 7.0 uM 
CaCl,-2H.0 10 mM ZnCl, 0.8 uM 
KNOs i mM CoCl:-6H:0 0.02 uM 
K2HPO, 100 uM CuCl,-2H:0 0.0002 uM 
Na:SiO;-9H.O 100 46M Na:EDTA 30.0 uM 











centration of chlorophyll a was determined using the nomographs of Duxbury and 
Yentsch (1956), and the organic nitrogen content of the cells was estimated by the 
procedure of Yentsch and Vaccaro (1958). 







RESULTS 










1. Growth in contaminated beef extract-peptone cultures. To determine the 
effect of bacterial contamination on the growth of Dunaliella euchlora, the alga 
was inoculated into autoclaved and unautoclaved ASP medium, and autoclaved and 
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Ficure 1. Growth of the alga in contaminated and non-contaminated ASP medium and 
contaminated and non-contaminated ASP medium containing beef extract and peptone. 
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unautoclaved ASP cultures containing beef extract and peptone. In the unauto- 
claved cultures with organic enrichments, approximately 2.5 times as many cells 
were obtained as in the other cultures (Fig. 1). The growth rate and the final 
number of cells in the other treatments were approximately the same. From these 
results it can be seen that the addition of beef extract and peptone per se did not 
increase the growth of the alga, but bacterial breakdown of these materials was of 


considerable benefit. 
The unautoclaved cultures with organic additions became very dense, and after 
twelve days of growth contained approximately three times as much chlorophyll a 


TABLE II 


The size of the population of Dunaliella euchlora, and the chlorophyll a content 
after growth in media treated as discussed in the text 


l l j 4 
- : | Days of | No. cells/ml. | Mg Chi*/cell 
Experiment Treatment | growth X10 X10 


Beef extract-peptone no. 1 | Enriched and contaminated | 12 1,089 2.24 
| Enriched, not contaminated 12 397 0.74 
| ASP-autoclaved 12 384 — 
| ASP-not autoclaved 12 370 


Nitrate-nitrogen | 1.0mM 14 444 
2.0 mM 14 868 
5.0 mM 14 839 
8.0 mM 14 716 


| 10.0 mM 617 


Beef extract-peptone no. 2 —3 320 
0 634 


+2 924 
+4 1,631 
+7 1,198 
+11 792 

| Control 497 


Dunaliella filtrate | ASP 504 
| Autoclaved filtrate 527 
| Unautoclaved filtrate 491 


Bacteria filtrate ASP 2 477 
Filtrate 12 958 











per cell as the autoclaved enriched culture (Table II). Using the method of 
Yentsch and Vaccaro (1958), it was found that in the enriched contaminated 
cultures about 10 mM per liter of organic nitrogen was incorporated into the algal 
cells, or approximately 0.91 x 10°* uM of nitrogen per cell. In contrast, the non- 
contaminated enriched culture contained about 0.9 mM per liter of organic nitrogen 
as algal cellular material, or approximately 0.23 x 10°° »M of nitrogen per cell. 
The chlorophyll content of the two cultures containing only inorganic additions was 
not determined, but other estimates have indicated that at the end of exponential 
growth, all of the added nitrate-nitrogen is organically incorporated. This suggests 
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that in the non-contaminated beef extract peptone culture all of the incorporated 
organic nitrogen had been obtained from the added nitrate-nitrogen, and not from 
the organic material. 

2. Growth in various concentrations of nitrate-nitrogen. To determine if the 
number of cells and the amount of chlorophyll a obtained in the contaminated beef 
extract-peptone cultures could be obtained by the addition of inorganic nitrogen, 
sodium nitrate was added at the following concentrations: 1.0 (ASP level), 2.0, 
5.0, 8.0 and 10.0 mM. The ASP concentration of potassium was maintained by 
the addition of potassium chloride, and the phosphorus concentration was maintained 
at 100 uM in all cultures. The two highest concentrations of nitrogen slightly in- 
hibited the growth of the alga (Fig. 2), but the total number of cells in all cultures 
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Ficure 2. Growth of the alga in various concentrations of nitrate-nitrogen. 


exceeded that of the 1.0 mM culture after fourteen days of growth. The maximum 
density of cells developed in the 2.0 and 5.0 mM cultures had a final cell count of 
almost twice that of the 1.0 mM culture (Table II), although the initial growth 
rates of these three cultures were approximately the same. 

Pigment analysis showed that the chlorophyll a content of the cells in all cultures 
was about the same (Table II). The total number of cells obtained in the cultures 
containing 2.0 and 5.0 mM of nitrate-nitrogen approached that obtained in the 
contaminated beef extract-peptone culture of the previous experiment, but the 
amount of chlorophyll a was considerably less. Since the maximum amount of 
chlorophyll synthesized in these cultures was considerably less than was found 
in the contaminated culture containing beef extract and peptone, it may be concluded 





OBSERVATIONS ON DUNALIELLA 465 


that available nitrogen alone is not the limiting factor. Perhaps release of other 
nutrients in beef extract and peptone by bacterial activity or direct utilization of 
organic breakdown products by the alga also stimulated chlorophyll synthesis. 

3. Growth in beef extract-peptone cultures with periodic addition of bacteria. 
To determine the effects of organic breakdown products on the growth of the alga 
at different phases of growth, a mixed culture of marine bacteria was obtained from 
the surface waters of Woods Hole Harbor, and uniform inocula were added period- 
ically to cultures of Dunaliella containing beef extract and peptone. The original 
bacterial inoculum was collected using a sterile container so only bacteria present 


o 
2 
~ 

=~ 
2 

N 
oO 
° 
4 


+,+7 
XII 
B, CONTROL 


6 8 10 12 14 16 
DAYS AFTER INOCULATION 


Figure 3. Growth of the alga in the ASP medium containing beef extract 
and peptone to which bacteria were added periodically. 


in the surface water were introduced into culture. The bacteria were grown in 
the ASP medium with the addition of beef extract and peptone under the same 
conditions as the algal cultures. Before the bacterial cultures were used in the 
experimental work, they were carried through a number of transfers in order to 
obtain a uniform population. 

Beef extract and peptone were added to the ASP medium and inoculated period- 
ically with 1 ml. of the bacterial culture. In all cases the bacteria inocula were from 
three-day-old cultures when introduced into the experimental flasks. Inoculation 
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Ficure 4. A comparison of algal cell density and chlorophyll a in cultures 
to which bacteria were added periodically. 
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Ficure 5. Growth of the alga in autoclaved and non-autoclaved algal filtrate. 
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took place at the following times: three days before inoculation with the alga, at 
the same time as the alga, two days, four days, seven days, and eleven days after 
inoculation with the alga. 

Bacteria introduced three days before and at the time of inoculation with 
Dunaliella inhibited the growth of the alga (Fig. 3). In all cultures, except the 
one inoculated with bacteria three days before the alga, growth after fifteen days 
exceeded that of the control. In Figure 4 cell density and chlorophyll a after 
fifteen days of growth are presented. The greatest number of cells occurred in 
the culture which was inoculated with bacteria four days after the alga, and those 
cultures which were inoculated with bacteria prior to this time showed less growth. 
Less growth was also obtained in the cultures which had been inoculated with 
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Ficure 6. Growth of Woods Hole Harbor bacteria in the algal filtrate 
containing beef extract and peptone. 


bacteria seven and eleven days after inoculation with the alga. However, the cells 
in the culture inoculated with bacteria seven days after the alga contained more 
chlorophyll a than the other cultures after fifteen days of growth (Table II). These 
results show that growth of the alga was directly related to the time at which the 
bacteria were added. Under the conditions of this experiment, chlorophyll a 
synthesis preceded cell division (Fig. 4). The highest concentration of chlorophyll 
per cell, however, was not as great as that obtained in the previous beef extract-pep- 
tone experiment. 

4. Growth of the alga in the algal filtrate. To determine if auto-inhibitors 
are produced by Dunaliella euchlora, growth of the alga in the ASP medium was 
compared with growth in the filtrate of a Dunaliella culture which had reached 
maximum density. Part of the filtrate was autoclaved and the other part was not 
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autoclaved as there has been a suggestion of heat-labile inhibitors (Lefévre et al., 
1952). Nitrogen, phosphorus, and iron were added to all cultures at ASP con- 
centrations. Growth in all cultures was identical as shown by the data in Figure 5. 
The chlorophyll a content per cell was greater in the filtrate cultures than in the 
control whether or not the filtrate had been autoclaved (Table II). This indicates 
that the filtrate contained something which enhanced chlorophyll synthesis, but did 
not promote cell division. 

5. Growth of the bacteria in the algal filtrate. To determine if Dunaliella 
filtrate would inhibit the growth of bacteria, a filtrate was obtained from a five-day 
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Ficure 7. Growth of the alga in the Woods Hole Harbor bacteria filtrate. 


culture of the alga. Beef extract and peptone were added to the filtrate and to the 
control ASP medium, and inoculated with the previously isolated Woods Hole 
Harbor bacteria. Growth of the bacteria was measured by optical density at 750 mp 
using a Beckman model DU spectrophotometer, and is expressed as logs OD,/ODo. 
The growth of the bacteria was approximately the same in the filtrate as in the 


enriched ASP medium with no suggestion of a bacteriostatic substance produced 
by the alga (Fig. 6). 
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6. Growth of the alga in the bacterial filtrate. To determine the effects of 
the bacterial filtrate on the growth of Dunaliella, a culture of the Woods Hole 
Harbor bacteria was grown in the ASP medium containing beef extract and pep- 
tone. After three days of growth, the culture was passed through a HA millipore 
filter resulting in a clear filtrate which was autoclaved and inoculated with the alga. 
There was a considerable increase in the maximum cell density in the filtrate culture 
as compared with the control (Fig. 7). The inhibition noted in the previous beef 
extract-peptone experiment where the bacteria had been added to the culture three 
days before the alga did not occur in this experiment. This suggests that the 
inhibitory substance is volatile or heat-labile. Pigment analysis also showed the 
cells in the filtrate culture contained considerably more chlorophyll a than those in 
the control culture (Table II). 


DIscuSSION 


The addition of beef extract and peptone to bacteria-free cultures of Dunaliella 
euchlora did not stimulate the growth of the alga. In the presence of bacteria, how- 
ever, a considerable increase in the algal population, as determined by cell counts 
and chlorophyll analysis, was observed. This increase presumably resulted from 
the bacterial hydrolysis of the added organic material. The organic additions 
were not entirely inert to algal metabolism as the amount of chlorophyll a per cell 
in the uncontaminated cultures always exceeded that obtained with only the ad- 
dition of inorganic salts. 

The large amount of synthesis of chlorophyll a suggested that the alga was able 
to utilize nitrogenous breakdown products of the peptone and beef extract. A large 
fraction of the utilizable nitrogen from the beef extract and peptone was probably 
present as ammonia, nitrite, or simple organic compounds since the conversion of 
these to nitrate-nitrogen by marine bacteria is a slow process (Harvey, 1955; Sver- 
drup et al., 1942). Harvey (1940) and Gibor (1956) observed that several species of 
Dunaliella were able to utilize some amino acids as nitrogen sources. There are 
also numerous reports of other autotrophic algae capable of utilizing organic nitro- 
gen compounds (Fogg, 1953; Ryther, 1954). In addition, Huzisige et al. (1957) 
found that Euglena synthesized chlorophyll more rapidly when provided with casein 
hydrolysate than when provided with inorganic nitrogen compounds. 

Growth of the alga in cultures containing organic additions was inhibited if 
bacteria were introduced before the alga began to grow. However, no inhibition 
of the alga was observed in the bacterial filtrate which had been autoclaved. This 
suggests a volatile or heat-labile inhibitor. Inhibition could have resulted from 
ammonia which is known to be toxic at low concentrations (Fogg, 1953; Myers, 
1951). Any ammonia present in the bacterial filtrate would have been lost during 
autoclaving, and the inhibition noted in the second beef extract-peptone experiment 
may have been due to toxic concentrations of ammonia. 

In the cultures which developed a heavy suspension of cells and chlorophyll, light 
and probably carbon dioxide may have been limiting, but organic carbon could have 
been utilized by the alga. Organic carbon could have been incorporated by the 
alga simultaneously with the utilization of organic nitrogen (Fogg, 1953; Krauss, 
1958), or as separate compounds. If the alga is capable of heterotrophic growth, 
light would not necessarily be a limiting factor. It seems probable that the very 








470 JACK McLACHLAN AND CHARLES S. YENTSCH 






dense cultures obtained in this study may have been due in part to heterotrophic 
growth. 

It was not possible in this study to demonstrate that Dunaliella inhibited the 
growth of bacteria, nor was there any indication of auto-inhibitors produced by the 
alga. The production of antibiotics by algae may not be a general phenomenon. 
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SUMMARY 










1. Bacteria added to cultures of Dunaliella euchlora in the presence of nitrog- 
enous organic matter stimulated the growth of the alga, and enhanced the synthesis 
of chlorophyll a. 

2. It was not possible to obtain comparable concentrations of chlorophyll a by the 
addition of nitrate-nitrogen, although a comparable number of cells could be 
obtained. 

3. If the bacteria obtained a “head-start” in the enriched cultures, growth of 
the alga was inhibited. This inhibition could be overcome by autoclaving the 
filtrate from the bacteria cultures. 

4. Growth of the bacteria was not inhibited in the algal filtrate, nor was the 
growth of the alga inhibited in the algal filtrate. 
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INHIBITION OF FERTILIZIN AGGLUTINATION OF SPERM BY THE 
DERMAL SECRETION FROM ARBACIA? 


CHARLES B. METZ 


Oceanographic Institute, Florida State University, Tallahassee, Florida, 
and Marine Biological Laboratory, Woods Hole, Mass. 


Upon appropriate stimulation, Arbacia release a yellowish fluid from the integu- 
ment. This fluid strongly inhibits fertilization (Oshima, 1921; Pequegnat, 1948) 
and is probably the material responsible for the inhibitory action ascribed to 
Arbacia blood by Lillie (1914). Current interest arose from the observation that 
this “dermal secretion” not only inhibits fertilization but inhibits fertilizin aggluti- 
nation of sperm as well. Fertilizin is the specific sperm isoagglutinin obtained 
from eggs of the species. It is initially present as a jelly surrounding the sea 
urchin egg, but on standing in sea water this jelly dissolves charging the water 
with the agglutinin. The dual effect of the dermal secretion suggests a causal 
relation between inhibition of fertilizin agglutination of sperm and of fertilization. 
Demonstration of such a relation would support the view that fertilizin is essential 
for fertilization. The experiments described here and reported briefly elsewhere 


(Metz, 1958) mainly concern the action of the dermal secretion on sperm and the 
fertilizin agglutination of sperm. The results are consistent with the view that 
inhibition of fertilization by the dermal secretion is related to an inhibitory action 
| on fertilizin. 


MATERIALS AND METHODS 


Arbacia punctulata was used in all experiments except the specificity tests 
outlined in the text. Most of this material was collected in the vicinity of the 
Florida State University Marine Laboratory, Alligator Point, Florida, although a 
few collections were made from a very large population at Panama City, Florida. 
A few experiments were performed at the Marine Biological Laboratory, Woods 
Hole, Mass., using the local material. 

Gametes were obtained by electrical stimulation of the animals. Gametes ob- 
tained by the KCl injection method, especially during the winter months, proved 
unsatisfactory in both fertilization and sperm agglutination tests (Metz, 1957a). 
In fact, investigation of the cause of this failure revealed that KCl-treatment fre- 
quently stimulated release of the dermal secretion (see also Harvey, 1956, page 57) 
as well as the gametes. 

Sperm oxygen consumption was measured using standard Warburg apparatus. 
Single side arm vessels of 15-20 ml. capacity containing 3 ml. of fluid were run in 
duplicate at 20° C. The vessels were shaken at a rate of 120 cycles per minute 
with an amplitude of 3.5 cm. 


1 Aided by a grant from the National Science Foundation. Contribution number 95 from 
the Oceanographic Institute, Florida State University. 
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Solutions of the dermal secretion were prepared in a manner similar to that 
described by Pequegnat (1948), and consisted of the following steps: The Arbacia 
were immersed in tap water for 1-3 minutes. They were subsequently rinsed in 
distilled water and finally in filtered sea water. The animals were then placed in 
a dry funnel and the yellow fluid which drained off was collected. The pH of 
such fluid is about 7.5. In experiments where this might be critical the pH was 
raised to that of sea water (pH 8.0-8.2). To test for sperm agglutination one to 
two drops of the test solution were mixed with an equal volume of a sperm sus- 
pension prepared by diluting semen to 2% with sea water. The mixtures were 
examined both macro- and microscopically. 


RESULTS 
A) Action on sperm 


Pequegnat (1948) noted that the dermal secretion of Arbacia stimulated sperm 
to increased activity. This effect was observed repeatedly in the current investiga- 
tion. Even preparations of dermal secretion at the initial pH (7.5), and therefore 
at a pH disadvantage as compared to sea water controls, had the stimulating action. 
As Pequegnat was aware, this effect is not a transient one. The sperm remain 
strongly active for a prolonged period of time. 

The enhanced motility of the sperm in the presence of the dermal secretion is 
associated with an increase in oxygen consumption as seen in Figure 1. Again 
the effect is not a short term one for the inhibitor-treated sperms were still respir- 
ing at approximately twice the rate of the controls even at the end of one hour. 
The increased oxygen uptake is clearly the result of enhanced sperm respiration, 
not to the oxidation of the pigment in the dermal secretion (see later section). 
This follows from the fact that the increase in oxygen uptake does not appear 
until the dermal secretion is tipped into the sperm suspension. Furthermore, in 
independent experiments dermal secretion collected over nitrogen to prevent pre- 
mature oxidation failed to consume appreciable amounts of oxygen in Warburg 
vessels. 

Nothing definite is as yet known regarding the chemical nature or properties 
of the sperm-stimulating agent, except that it is gradually destroyed by heat 
(Fig. 1). 


B) Action on fertilizin agglutination of sperm 


An inhibitory effect of the dermal secretion on fertilizin agglutination of sperm 
was first noted by Pequegnat (1948). The present investigation was designed 
to obtain information concerning the mechanism of action of the material in this 
effect. Attention was directed especially to determine if the inhibitory agent 
acted upon the sperm, the fertilizin or both constituents of the agglutinating system. 

Possible inhibitory action on the sperm. One possible means whereby the \ 
dermal secretion could inhibit agglutination would be by action on the sperm. 
For example, the agent could destroy the antifertilizin receptor sites on the sperm 
surface. Such destruction might be expected to be irreversible in which case 
washing dermal secretion-treated sperm should not restore agglutinability. Such 
experiments show, however, that treated sperm recover agglutinability upon wash- 
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ing in sea water. A typical experiment from a series of four is given in Table I. 
From this experiment it is clear that the inhibiting agent in the dermal secretion 


does not render the sperm irreversibly refractory to the agglutinating action of 
fertilizin. 
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Ficure 1. Effect of dermal secretion (D.S.) on oxygen uptake of Arbacia sperm. Heated 
aliquots (3 ml.) were immersed in a boiling water bath for 5 minutes. The pH of both 
heated and unheated dermal secretion solutions was adjusted to 7.9. Vessels contained 1.8 ml. 
of Arbacia semen diluted to 10% with sea water. Center wells contained 0.2 ml. 20% KOH. 
The 1-ml. samples of dermal secretion (or sea water) in side arms were tipped into vessels 
at 48 minutes. 


Likewise, the inhibitor is not used up or destroyed by sperm in the inhibiting 
reaction as seen in Table II (one of five experiments). Accordingly, it appears 
likely that the dermal secretion acts upon the fertilizin, not the sperm, to inhibit 
agglutination. Experiments supporting this view are described below. 
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TABLE [ 


Fertilizin agglutination of Arbacia sperm after washing from dermal secretion 
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natant D.S.) natant S.W.) 
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Agglutination of sperm on ad- FHT | ++++ 
dition of fertilizin after one | 


centrifugation 


Agglutination of sperm on ad- foe ae aon oe 
dition of fertilizin after sec- 


ond centrifugation 


Semen concentration in the four 0.75-ml. samples was 8%. After standing 30 minutes the 
samples were centrifuged twice at 4° C. Sperm in 1 and 3 was re-suspended in sea water; the 
sperm in 2 and 4 in the original supernatant after each centrifugation. Aliquots of sperm from 
all re-suspended samples were tested for agglutination with fertilizin. 


Inhibitory action on fertilizin. Tests for action of the inhibiting solution on 
fertilizin are complicated by the fact that fertilizin itself can inhibit sperm agglutina- 
tion when in the univalent form (Metz, 1942). Indeed, one possible mode of 
action of the inhibitor would be that it converts fertilizin from the multivalent, 
agglutinating form to the univalent, non-agglutinating condition. Another pos- 


TABLE II 


Agglutination inhibiting action of sperm absorbed dermal secretion 


Absorbing mixtures 


1 2 3 


Sperm (33%) S.W. Sperm (33%) 
+ + + 
DS: DS. 


Agglutination inhibiting assay of supernatants from above mixtures 


Dilution of absorption 
supernatant 


= 
4. +. 
+++ 


After standing for 30 minutes the absorbing mixtures were centrifuged, supernatants were 
removed and diluted serially in S.W. Constant amounts of fertilizin and test sperm suspension 


were then added to each dilution. The slight difference between No. 1 and No. 2 is not considered 
Ssignihcant. 
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sibility is that the inhibitor destroys the reactive sites of the fertilizin which com- 
bine with the sperm surface. This could occur with or without conversion to 
the univalent form. 

Ideally, to test for direct action on fertilizin, the inhibiting agent and fertilizin 
should be mixed and subsequently separated before testing the fertilizin for activity. 
Unfortunately, no simple means has yet been devised for separating the two mate- 
rials. However, results obtained using two other procedures leave no doubt that 
the agglutination-inhibiting agent does destroy not only the sperm-agglutinating 
action of fertilizin, but also the ability of the fertilizin to combine with the anti- 
fertilizin of the sperm. 

In the first procedure advantage was taken of the fact that the agglutination- 
inhibiting action of the dermal secretion is rapidly destroyed by heating to 100° C. 











TABLE III 






Effect of heating on fertilizin-dermal secretion mixtures 
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The heated mixtures were held at 100° C. for four minutes. In A the mixtures were tested 
for agglutinating action on sperm. The heating failed to restore agglutinating action to the D.S.- 
fertilizin mixture (AJ). In B the mixtures were tested for agglutination inhibiting action by add- 
ing control fertilizin to the mixtures in A following spontaneous reversal of the initial agglutination 
in A3Zand A7. The heated mixture fails to inhibit agglutination (BJ and B5). Both the inhibitor 
in the dermal secretion and the fertilizin have been destroyed in the heated mixture. 


















whereas fertilizin is relatively stable to such heating. As seen in Table III (A) 
when a non-agglutinating, fertilizin-inhibitor mixture was heated sufficiently to 
destroy the inhibitor but not the fertilizin, the mixture still failed to agglutinate 
sperm. Restoration of agglutinating action would be expected if the inhibitor in 
the mixture acted exclusively on the sperm. Accordingly, the experiment is 
explained by an inactivation of the fertilizin by the inhibitor and a subsequent 
inactivation of any remaining inhibitor by the heating. Four other experiments 
yielded similar results. 

The question now arises whether the agent inactivates the sperm combining 
sites of fertilizin or converts the fertilizin to the univalent form without combining 
site destruction. Evidence concerning this was obtained by testing for sperm 
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agglutination inhibiting action of the heated fertilizin-inhibitor mixture. As seen 
in Table III (B) control fertilizin agglutinates sperm that was pretreated with the 
heated fertilizin-inhibitor mixture. This agglutination means that the heated mix- 
ture contains insufficient fertilizin combining sites to block the sperm surface. 
However, controls in the experiment show that fertilizin combining sites sufficient 
to block the sperm surface were initially present in the mixtures. Therefore, it 
must be concluded that combining site destruction occurred in the fertilizin-inhibitor 
mixture. Inactivation of agglutinating action by dermal secretion does not result 
simply from conversion of the fertilizin to the univalent form. 

In a second series of experiments fertilizin was tested for its ability to combine 
with the sperm surface in the presence of unheated dermal secretion. As seen 
in Table IV sperm was mixed with a non-agglutinating inhibitor-fertilizin mixture 
in proportions that assured sufficient fertilizin to saturate the sperm surface. The 
sperm in the mixture was subsequently centrifuged free of the mixture and tested 


TABLE [IV 


Fertilizin agglutination of Arbacia sperm washed from fertilizin-dermal secretion mixtures 
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The four mixtures were prepared in the following proportions: 0.5 ml. dermal secretion, 
0.25 ml. fertilizin, 0.25 ml. approximately 47% semen. They were centrifuged at 4° C., and the 
sperm were re-suspended in 0.5 ml. sea water. These sperm suspensions were then tested for 
agglutinability with control fertilizin. The sperm suspensions were not agglutinated in sea water 
alone. Test 3 shows that the original mixtures 1 and 3 contained sufficient fertilizin to block 
the sperm surface. In the presence of dermal secretion, this amount of fertilizin failed to block 
the sperm surface (test 1). Controls not listed show that the mixtures contained an excess of 
dermal secretion. 


for agglutinability by control fertilizin. As seen in the table the sperm washed 
from the fertilizin-inhibitor mixture agglutinated upon addition of control fertilizin, 
but sperm washed from fertilizin alone failed to agglutinate. In the latter case, 
the fertilizin evidently saturated the sperm surface (as univalent fertilizin) to 
prevent agglutination by the control fertilizin. Failure of fertilizin to block the 
sperm surface in the fertilizin-inhibitor mixture is most readily explained by an 
inactivation of combining sites of fertilizin by the inhibitor prior to addition of 
sperm. 


C) Action on antifertilizin agglutination of eggs 


In view of its action on solutions of fertilizin the dermal secretion might be 
expected to affect fertilizin in the gel form. The natural jelly surrounding the 
eggs of sea urchins is largely, if not entirely, fertilizin (Tyler, 1949). Thus the 
dermal secretion might be expected to precipitate, dissolve or otherwise alter this 
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jelly layer in some visible way. In any event it should affect the egg agglutination 
and jelly precipitation reaction that results when antifertilizin from sperm is mixed 
with eggs. 

According to Pequegnat (1948) (p. 79) the dermal secretion “appeared to re- 
move part of the egg’s jelly layer, in proportion to concentration or to the duration 
of exposure.” Similar action was sometimes observed in the present investiga- 
tion. However, the effect was not consistently found. It seems likely that this 
jelly-dissolving action is related to the pH of the inhibitor solutions. Aside from 
this possible dissolving action the dermal secretion has no visible effect on the 
egg jelly. It certainly does not precipitate the egg jelly in the form of a mem- 
brane as might be expected in view of its ability to inactivate the combining sites 
of fertilizin. 

In spite of its failure to have a direct precipitatory action on the egg jelly, the 
dermal secretion was found to inhibit the jelly precipitation and egg agglutination 


TABLE V 


Effect of heated and unheated dermal secretion on A, fertilizin agglutination of 
sperm and B, antifertilizin precipitation of egg jellies 
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D.S. 
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The heated dermal secretion was treated for 5 minutes at 100°C. Two other experiments 
gave similar results. In one of these the dermal secretion was heated for 25 minutes. 


that results when sperm antifertilizin is mixed with eggs. However, the inhibiting 
action on egg jelly precipitation was found to be reversible. After washing the 
eggs from the dermal secretion or dermal secretion-antifertilizin mixture into sea 
water, and subsequently adding antifertilizin they formed satisfactory jelly precipi- 
tation membranes. Clearly, then, the dermal secretion inhibits antifertilizin ag- 
glutination of eggs. However, the mechanism of this action is apparently more 
complicated than would have been predicted from the mode of action of the dermal 
secretion on sperm agglutination. Results from the latter study (above) indicate 
that the dermal secretion inactivates the combining sites of fertilizin. The inhibi- 
tion of egg agglutination by antifertilizin, however, appears to result primarily from 
action of the material on the egg agglutinating agent, antifertilizin, in the sperm 
extracts. This conclusion is suggested by 1) the ready reversibility of the inhi- 
bition upon washing eggs, 2) the fact that a precipitate forms upon mixing anti- 
fertilizin and the dermal secretion and finally, 3) the fact that the egg agglutination 
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inhibitor is heat-stable, whereas the fertilizin agglutination inhibitor is heat-labile. 
These last relations are demonstrated in the experiment summarized in Table V. 
From these experiments it would appear that there are two inhibitors in the dermal 
secretion. One of these inhibits the sperm agglutinating action of fertilizin by 
inactivating the combining sites of the agglutinin. The second agent inhibits the 
egg jelly precipitating and agglutinating action of sperm antifertilizin by inactivating 
the antifertilizin. 

Although these experiments adequately explain failure of antifertilizin to ag- 
glutinate eggs in the presence of dermal secretion, they still do not directly answer 
the question whether the heat-labile agent can combine with the reactive sites of 
fertilizin when the latter is in the gel form. To test for such combination, eggs 
were treated with an excess of dermal secretion for periods up to 55 minutes. The 
eggs were subsequently washed in sea water and extracted for fertilizin in normal 
or acid sea water. In each of three such experiments the dermal secretion-treated 
eggs yielded sperm agglutinating fertilizin solutions. Indeed the sperm agglutinin 
titers of fertilizin solutions prepared by acid extraction of dermal secretion-treated 
and control eggs were not significantly different. Evidently, then, the reactive 
sites of fertilizin in the gel form are not accessible to the heat-labile inhibitor of 
the dermal secretion. 


D) Some physical and chemical properties of the dermal secretion 


No systematic study of the physical and chemical properties of the dermal 
secretion has yet been made. Nevertheless, some information has been obtained 
concerning the secretion and the sperm agglutination inhibitor contained in it. 


This information is recorded here. 

Color changes. The freshly prepared dermal secretion is light yellow-green in 
color. Upon standing in air the solution gradually darkens to a deep brown or 
black color. This color change is evidently a rather direct oxidation by atmospheric 
oxygen, for the color change fails to occur in an atmosphere of nitrogen. Further- 
more, it appears unlikely that the oxidation is mediated by enzymes because both 
heated and unheated preparations undergo the color changes. Finally, the oxida- 
tion is not reversed by reducing agents such as hydrosulfite. The colored material 
is a component of a large molecule since it precipitates with (NH,),SO, and fails 
to diffuse through cellophane. The sperm agglutination inhibitor is associated 
with the pigmented material to the extent that the inhibitor also precipitates with 
(NH,),SO, and fails to diffuse. 

Antigenic composition. No serious serological study has been made of the 
dermal secretion. Nevertheless, the dermal secretion lowered the sperm aggluti- 
nating titer of anti-Arbacia sperm serum. In agar diffusion precipitin tests 
(Ochterlony tests) the dermal secretion produced three precipitin bands both with 
antisera prepared against Arbacia sperm and with antisera against jellyless Arbacia 
eggs. One precipitin band formed when the dermal secretion was diffused against 
antiserum prepared against Arbacia fertilizin. No precipitates formed with control 
(pre-injection) serum. The antisera used in these experiments were prepared 
with considerable care. The sperm and jellyless eggs used for injection were washed 
to remove contaminating material. Likewise, the fertilizin used as immunizing 
antigen was obtained by careful acid extraction of washed eggs (see Tyler, 1949). 
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In view of this, it appears likely that the immunizing antigens were largely free of 
contaminating material including dermal secretion. Evidently, then, the dermal 
secretion contains antigenic groups in common with sperm, eggs and fertilizin, 
The antigenic relationships here have not yet been investigated, but it is evident 
that the dermal secretion contains at least three separate and distinct materials. 


DISCUSSION 


The observations of Oshima (1921) and Pequegnat (1948) combined with the 
present investigation show that the dermal secretion of Arbacia has a variety of 
effects on sea urchin gametes and their interaction. Action on sperm includes 
enhancement of motility and respiration. These are not pH effects but appear 
to depend upon an agent or agents in the dermal secretion. The two effects may 
be due to separate agents although it seems more likely that increase in motility 
and respiration are related and result from action of a single agent. Little infor- 
mation concerning the mechanism of action of the agent has been obtained. How- 
ever, it is unlikely that the motility and respiration enhancing effects are due to a 
metal-binding action of the dermal secretion. Metal-binding agents do increase 
the motility of sea urchin sperm (Tyler and Atkinson, 1950), but they differ from 
the dermal secretion in that they fail to increase the rate of oxygen uptake (Tyler 
and Rothschild, 1951; Tyler, 1953). Metal-binding agents and the dermal secre- 
tion of Arbacia also differ in their action on Asterias sperm. The former agents 
have a spectacular stimulatory action on Asterias sperm motility (Metz and Birky, 
1955) whereas the dermal secretion of Arbacia was observed to have no effect on 
Asterias sperm motility. Evidently, the dermal secretion does not contain appre- 
ciable amounts of substances which bind metals. Finally, contamination with the 
dermal secretion is a hazard to be avoided in studies of stimulating action of egg 
water and other extracts on sperm motility and respiration. 

The dermal secretion also inhibits fertilizin agglutination of sperm, antifertilizin 
precipitation of egg jelly and fertilization. From the sperm centrifugation experi- 
ments it is evident that the dermal secretion does not inhibit agglutination by 
combining with and blocking the sperm surface in irreversible fashion. In this 
respect the agent differs from fertilizin. As is well known, sea urchin sperm 
washed from an excess of fertilizin after reversal of agglutination fails to reag- 
glutinate upon a second addition of fertilizin. Indeed, sperm remove the fertilizin 
from solution (e.g., Monroy et al., 1954). Conceivably, the agent could inhibit 
agglutination enzymatically by digesting the antifertilizin from the sperm surface 
with sufficient rapidity to prevent agglutination. If the antifertilizin were ar- 
ranged in layers at the sperm surface, sufficient of this material might remain 
after addition and subsequent removal of the inhibitor to insure agglutination by 
fertilizin. However, even granting this unlikely possibility it is clear from the 
experiments with dermal secretion-fertilizin mixtures that the dermal secretion 
destroys the agglutinating action of fertilizin. In the first series of these experi- 
ments non-agglutinating mixtures were heated sufficiently to destroy the inhibiting 
agent but not the fertilizin. Such heated mixtures failed to agglutinate sperm and 
to inhibit agglutination. In the second series sperm were washed from unheated 
inhibitor-fertilizin mixtures containing sufficient fertilizin to block the sperm sur- 
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face. These washed sperm agglutinated on addition of fertilizin. These experi- 
ments show that the dermal secretion of Arbacia can inhibit agglutination by inac- 
tivation of the agglutinin fertilizin. This inactivation is not simply a conversion 
of the fertilizin molecule to a form similar to the univalent fertilizin produced by 
some other agent (see Metz, 1957b, for review). The inhibiting agent in the 
dermal secretion inactivates or blocks the combining sites of the fertilizin that 
react with the sperm surface in agglutination. 

In view of this action on fertilizin it is surprising that the dermal secretion has 
no visible effect on the sea urchin egg jelly since this jelly consists of undissolved 
fertilizin. It is even more surprising that eggs washed from dermal secretion 
will agglutinate with antifertilizin, since the agent in the dermal secretion inac- 
tivates the combining sites of fertilizin. These unexpected observations are ex- 
plained by experiments showing that the combining sites of fertilizin are not inac- 
tivated by dermal secretion when the fertilizin is in the gel form. Possibly the 
inhibiting agent fails to diffuse through the egg jelly. However, it seems more 
likely that the specific combining sites are inaccessible to the dermal secretion 
because they are blocked by cross linkages in the gel structure. This concept has 
been offered as a possible explanation of passage of sperm through the egg jelly 
without saturation by fertilizin (Tyler, 1941). It is also consistent with the ob- 
servation that fertilizin in solution and in the gel form differs in staining properties 
with metachromatic dyes (Monroy e¢ al., 1954). Even with this explanation 
one difficulty remains. If the combining sites of fertilizin in the gel form are not 
available for reaction with dermal secretion, then they might reasonably be expected 
to be unavailable to antifertilizin as well. This difficulty is resolved by assuming 
that egg jelly precipitation results from combination of antifertilizin with a part 
of the fertilizin other than the specific combining sites involved in sperm 
agglutination. 

Finally, consideration of the effect of dermal secretion on the egg jelly pre- 
cipitating action of antifertilizin leads to other interesting implications. In the 
presence of dermal secretion antifertilizin fails to precipitate egg jellies. This 
inhibition results from a second, heat-stable agent in the dermal secretion which 
acts upon antifertilizin. This complicates the problem further because the first 
experiments performed in this study show that the dermal secretion does not irre- 
versibly inactivate the combining sites of the sperm surface antifertilizin. There- 
fore, the heat-stable inhibitor must inactivate egg agglutinating antifertilizin prepa- 
rations by combination with some other part of the molecule. A final possibility 
that is not excluded is that the “antifertilizin” extracted from sperm is not related 
to the sperm surface material that combines with fertilizin in the sperm agglutina- 
tion reaction. The “antifertilizin” may be a fortuitous product of the extraction 
procedure which, like some other proteins, precipitates sea urchin egg jelly non- 
specifically. 

One other question requires consideration ; namely, the relation of the inhibitors 
described above to inhibition of fertilization. Like the sperm agglutination in- 
hibitor the fertilization inhibitor is heat-labile. This is consistent with the view 
that inhibition of agglutination and of fertilization result from action of the same 
agent. Further investigation of this relationship may reveal that the fertilization 
inhibiting action of dermal secretion results from inactivation of fertilizin. 
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Other agents are also known to inhibit fertilization in the sea urchin. Notable 
among these are the preparations from the brown alga, Fucus, studied by Runn- 
strom and co-workers. Two inhibitory agents are recognized. One is a phenolic 
substance and has not been studied in great detail (Wicklund, 1954). The other, 
named “fertilization inhibitor (Fucus),” is heat-stable, increases motility of sperm 
(Wicklund, 1954) but does not inhibit fertilizin agglutination of sperm (Runnstrém 
and Hagstrom, 1955). Clearly this agent has different properties than the dermal 
secretion and the two preparations probably act in different fashion to inhibit 
fertilization. Indeed, they may very well block different steps in the initial stages 
of fertilization. Accordingly, a detailed analysis of the site and mechanism of 
action of these and other inhibitors might provide interesting information con- 
cerning the sequence of events in the initial stages of fertilization. 


SUMMARY 


1. As demonstrated previously by Oshima (1921) and Pequegnat (1948) 
Arbacia release a yellowish secretion upon appropriate stimulation. 

2. This dermal secretion increases the motility and oxygen consumption of 
sperm. The effect is not short lived and does not appear to depend upon a metal 
binding action. 

3. The dermal secretion inhibits fertilizin agglutination of sperm. This action 
results from an inactivation of the specific combining sites of fertilizin. The dermal 
secretion does not act upon the sperm surface to inhibit agglutination. The agent 
in dermal secretion that inactivates fertilizin is destroyed by heating to 100° C. 
and fails to diffuse through cellophane. 

4. The dermal secretion has no visible action on the Arbacia egg or egg jelly. 

5. The dermal secretion inhibits antifertilizin precipitation of intact egg jellies. 
This action depends upon a heat-stable agent which precipitates antifertilizin. 

6. Some properties of the dermal secretion are described. The material con- 
tains at least three distinct antigens. 

7. The results are in agreement with the view that fertilizin is essential for 
fertilization. 
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BODY TEMPERATURES IN SOME AUSTRALIAN MAMMALS: 
I. CHIROPTERA 


PETER MORRISON 


School of Physiology, University of Queensland, Brisbane,2 Australia and the Departments 
of Zoology and Physiology, University of Wisconsin, Madison 6, Wisconsin 


The Microchiroptera are a group of mammals which show unique thermo- 
regulatory behavior since they alone exhibit a daily reversal between homeothermic 
and poikilothermic conditions. Their poikilothermic nature is without question 
since their body temperature (T,) often closely follows the ambient temperature 
(T4) (Hock, 1951; Eisentraut, 1956a). However, some question has been raised 
as to the nature of their homeothermism at other times by the suggestion that they 
must be physically active in order to maintain their temperature; the implication 
being that the elevation is a passive concomitant of the heat produced during exercise, 
analogous perhaps to the warming of a bumblebee or a tarpon, and thus may not 
represent positive regulation. In the present study the relation between activity 
and body temperature is examined in one microchiropteran to throw light on this 
question. 


The situation in the Megachiroptera is also in some question. Although a 
limited number of measurements (about a dozen) have suggested considerable 
regulation in this group of larger bats (Burbank and Young, 1934; Eisentraut, 1938) 
the statement has still been made recently, that all bats exhibit a lack of thermo- 
regulatory control when they become inactive. The following observations on a 
representative of this group will allow us to compare it more closely in this regard 
both to other mammals and to the suborder of smaller bats. 


MATERIAL AND METHODS 


The Microchiroptera were represented by the bent-wing bat, Miniopterus 
blepotis. This genus of simple-nosed bats (Vespertilionidae) is distinguished by 
the extended terminal joint of the longest digit which is bent up against the upper 
part of the wing during rest, and by the tail length which is equal to the head 
and body. This species ranges through most of Australia and is known for its 
communal, cave-dwelling habit (Troughton, 1941). These individuals were be- 
tween our little brown and big brown bats in size with a weight range from 6 to 
12 grams. The animals were taken from a colony living in a cave formed by 
fallen slabs of rock in a small stream about 50 miles north of Brisbane. Its depth 


1 These studies were supported by the Guggenheim Foundation and the U. S. Educational 
Foundation in Australia, with supplemental assistance from the Wisconsin Alumnae Research 
Foundation. The loan and transport of certain equipment were effected under contract between 
the University of Wisconsin and the Office of Naval Research. 

2 These studies would not have been possible without the enthusiastic support of Prof. 
W. V. Macfarlane who generously made available the resources of his Department. 
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was about 30 feet and access was through the falling water, although other smaller 
openings were available to the bats. The animals were closely packed, hanging 
from the ceiling over an area of several square yards. They became active quite 
quickly on disturbance since the ambient temperature was not low in this first 
month of spring (September). A subsequent visit in the fall (March) showed 
only a few scattered individuals, but whether this was a seasonal change or a result 
of the previous disturbance is not known. We are greatly indebted to Dr. Peter 
Ulrich for his assistance in locating and procuring these Miniopterus. 

The megachiropteran studied was the grey-headed fruit bat, Pteropus polio- 
cephalus, a representative of the single Australian genus, which was kindly loaned 
us from his collection by Mr. David Flea of West Burleigh. This individual, a 
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Ficure 1. Relation between body temperature and activity in Miniopterus. Symbols indicate 
hours after capture. Ambient temperature, 19-21°. 
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250-gram male, had been well adjusted to captivity but following transfer it showed 
some progressive readjustment during the week it was studied. This species, which 
like its fellows feeds on fruit and eucalyptus blossoms of various sorts, is found in 
central-coastal, eastern Australia. It has been distinguished from the three other 
mainland species by its longer coat on body and legs which give it a furry appearance 
(Troughton, 1941). Specimens up to a kilogram in weight and with a 4-foot 
wing spread have been reported. 

Body temperature measurements were made with iron-constantan thermo- 
couples and a Leeds and Northrup recording potentiometer. The Miniopterus 
were flown in a large room, which, however, did not provide sufficient space to 
fly the Pteropus. One set of observations was carried out on the former animals 
at night within 8 hours of capture. The group was then stored in a refrigerator 
at 5-10° and subsequent observations were made one day and three days later. 
Metabolic measurements of oxygen consumption utilized a manometric apparatus 
(Morrison, 1951) and were carried out with the assistance of Mr. Len Morris and 
Miss Nancy Harvey. 

RESULTS 
Miniopterus 


The relation between activity and body temperature is summarized in Figure 1 
in animals observed within 8 hours of capture. Activity is expressed as resting 


TABLE I 
Body temperature and activily in Miniopterus 


| | | 
Activity level | —— Mean + S.D. No. 


Cannot walk 84 22.7 + 0.36 
23.0 


Can walk 84 30.0 + 1.15 
Cannot fly 32 30.7 + 0.59 


Can fly 84 31.7 + 1.24 
32 32.0 + 0.10 


Resting after activity 8 37.2 + 0.40 


Walking 8 38.741.16 | 36.7-40.6 


Stop flying 8 | 389+061 | : 38.2-39.8 


Short flight 84 36.4 + 1.10 34.3-38.8 
32 35.8 + 1.55 : 33.9-37.1 
39.6 + 0.72 38.7-40.7 

39.2 + 1.08 


Long flight rE 39.6 + 1.07 38.7-41.2 
41.1 + 0.45 : 40.3-41.7 


39.1410 | 36.7-41.7 
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Ficure 2. Course of temperature changes during awakening and extended flight. 7. = 20°. 
Upper solid curve indicates flight at ca. 600 ft./min., followed by rest. 


(1+), walking or stops flying (2+), short flight (3+) and long flight (4+). 
These symbols follow a scale of relative activity which has been used with other 
mammals (Morrison and Ryser, 1959), and ranges from sleep (0+), through 
awake (1+), moving (2+), active (3+) and very active (4+). A condition 
of sleep (0 +) was not seen in any of these initial observations which were carried 
out in the evening when the bats are normally active. Further, these animals were 
undoubtedly disturbed by their recent capture and travel. Actually, the majority 
of these animals were actively walking or flying, so that only a few were in the 
“resting” state. However, the observed range of activity was as wide as in most 
animals since it is usually not possible to elicit maximum activity (4+). 

A regular increase in body temperature with activity level is seen. Values given 
in Table I show a mean increase of 1.3° per activity grade, or an over-all increase 
of 3.9° (1+—+4+). These 49 values may be averaged to give a mean for the 
awake condition, although this is an artificial situation and so gives an artificial 
distribution of activity. This mean is 39.1° + 1.00 (49), at a mean activity of 
2.6 + and with an over-all range of 5.0° from 36.7-41.7°. 

The values taken 32 and 84 hours after capture are similar, but they are quite 
distinct from the earlier observations. After these animals were taken from the 
refrigerator and warmed to room temperature, many were loath to engage in any 
activity. Below a body temperature of 26° the bats could not walk; at 28-31.5° 
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the bats could fly when launched, sometimes with difficulty, but would not take 
off spontaneously. They would bite. 

Some of these temperatures were transient values during warming, but others 
represented a maintained level in an inactive animal (0 + activity level). Thus, 
for example, one bat (A) which was followed during warming rose to 22.7° 
(+ 9.3°) in 20 minutes, and to 30.3° (+ 12.2°) in another hour, but only to 
30.6° (+ 0.3°) in another 15-minute period (Fig. 2). Another, warmed to 22.1° 
(+ 7.5°)in 20 minutes, and to 28.2° (+ 6.1°) in a second 20-minute period. After 
a third period the value rose to 31.2° (+ 3.0°), but with a fourth period a slight 
fall to 30.8° (—0.4°) was observed. Accordingly, these quiet animals are 
maintaining their body temperatures well above the ambient temperature of 20° 
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Ficure 3. Changes in body temperature following the initiation or completion 
of flight in Miniopterus. 


(AT = + 10°) but at the same time, greatly below the level of more active states; 
10° less than the actively flying animal. 

Some animals become active spontaneously and others were forced to be active. 
Under these conditions shorter flights were made and lower body temperatures 
were recorded than before (36° vs. 39°). The animals which made prolonged 
flights averaged 3° warmer, equivalent to the “short flight” (3+) condition in the 
fresh bats, but still 1.5° below the “long flight” (4+ ) level in fresh bats. 

Figure 3 presents successive measurements on individuals to show temperature 
change in active bats. During flights an average increase of 0.85°/min. was seen 
for the first two or three minutes. After this the temperature leveled out abruptly, 
showing a quite positive regulation at this higher temperature. The decline in 
body temperature following flight was more gradual (—0.32°/min.) but could 


continue for as long as 10 minutes without leveling off at a lower value. Figure 2 
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Ficure 4. Relation between activity and body temperature in Pteropus. Ts =25°. 
Average + S.D. (#): 0 (asleep) = 35.2 + 0.05(3) ; + (awake, not moving) = 36.5° + 0.49(15) ; 
open circles only = 36.8 + 0.39(9); closed circles only = 36.1 + 0.27(6); ++ (moving around 


or feeding) = 37.5 + 0.25(5). Slope of curve =1.2°/+. Crosses show values of Burbank and 
Young (1934) for P. geddei, P. giganteus and P. cotinus at Ts = 19°. 
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shows a value 40 minutes after stopping activity which has returned to the level 
of quiet, awake animals. 

These changes in body temperature may be used to estimate heat production 
during warming. Thus, a maximum increase of 1.03°/min. (11.5 23.8° in 
12 minutes) was observed in one individual. This is equivalent to 0.85 cal. g.-*min” 
or an oxygen consumption of 10.7 cc. g.'hr.-' (other cases (24.6-— 32.2° in 10 
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Figure 6. Body temperature in Pteropus after exposure at various ambient temperatures. 
Values indicate hours of exposure. Circles, earlier data (3/14-18) and squares, later data 
(3/19-21) at 1+ activity. Top and bottom curves are for 2+ and 0+ activity, respectively. 
Crosses show values of Burbank and Young (1934). Stars and dotted line show range ot 
ambient and body temperatures reported by Eisentraut (1938) for Rousettus angolensis. 


minutes ; 22.2 — 28° in 12 minutes; 22 — 28.3° in 14 minutes) were equivalent to 
metabolic levels of 7.9, 5.0 and 4.7 cc. Oz g.*hr.?.) Of course, the first estimate 
with body temperature below ambient temperature was high because of the heat 
flow into the animal, and the latter three were low for the reverse reason. An 
average maximum between these is equivalent to 9 cc. g.thr.-. This is a sub- 
stantial but not unreasonable rate for such a small animal. But when it is recalled 
that the body temperature was only 15-25°, it is much more striking. Even with 
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a modest Q,, of 2.0, this would be equivalent to a rate of some 36 cc. g.*hr.-? at 
40° or greater than the maximum observed even in the smallest mammal, the 
long-tailed shrew (Morrison et al., 1953, 1959). 


Pteropus 


Data relating activity to body temperature in this form are presented in Figure 4. 
Because of its size, it was not possible to fly it, and thus activity was limited to 
moving about its cage. However, three observations during sleep (0 activity) 


PTEROPUS 
RUN 114:3/19/55 


Oo IN CC PER GM HR 





0 ~~ @ 4 6 8 
HOURS 


Ficure 7. Oxygen consumption in Pteropus at three ambient temperatures. Representa- 


tive experiment showing variation, particularly in the form of short reductions from the average 
level at 7, = 1° 


were made. These animals had closed eyes and were distinctly less responsive on 
handling. The average increment was 1.2°/+. The average temperature was 
36.5 + 0.77° (23) at a mean activity of 2.1 +. 

Temperature values for Pteropus are plotted against the hour of day in Figure 5. 
During the first four days no value less than 36° was observed and no daily cycle 
was seen. During the last three days, after the animal had settled down, there was 
a definite diurnal difference with the day-time values (7-10) averaging 35.5° and 
the night-time values (22-24) averaging 36.7°. 
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The influence of ambient temperature on body temperature in Pteropus is 
shown in Figure 6. Exposures of up to 4 hours at 10° had little effect on the 
body temperature. At an ambient temperature of 40° the body temperature was 
maintained roughly constant through a 6-hour exposure but the level was elevated 
to between 40 and 41°. The average value of 40.5° provided a temperature dif- 
ferential of only 0.5° for the dissipation of body heat. However, this small differ- 
ential was apparently adequate because of the very large surface available in the 
wings, and the ceaseless fanning activity during this heat stress (Robinson and 
Morrison, 1957). During the later period after the bat had settled down pre- 
sumably with a lower resting metabolic rate, the upper limit of thermal neutrality 
appears to have been substantially raised. ; 


3 





AVERAGES ——---- 
MINIMUMS ——~---- 





O, IN CC PER GM HR 





10 20 30 
Ta 


Figure 8. Oxygen consumption in Pteropus at various ambient temperatures. Minimum 
and average values from three runs (#100, 105, 114). Bottom pair of curves shows conductance 
at low temperature; top pair, at room temperature. 


The metabolic response to cold exposure measured as oxygen consumption is 
illustrated in Figure 7. The measurements at higher temperatures (28-34°) were 
extremely regular, reflecting the behavior of the animal which hung quietly. Indeed, 
for all measurements the averages for each temperature period (12) were only 10% 
higher than the minimum values, and the maximum values were only 32% higher. 
Minimum and average values are plotted in Figure 8 against ambient temperature. 
There is some question as to which of these most accurately describes the minimum 
conductance at each temperature. The average value may be too high since extra 
heat (i.e., above maintenance) is dissipated during movement and activity. On the 
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other hand, if there are fluctuations in body temperature a minimum value may rep- 
resent not equilibrium but a negative heat balance. Such a situation appears in the 
series at 74 = 1° in Figure 7, which is characterized by several periods of brief 
duration and much lower rate. We interpret these as inadequate heat production. 
The oxygen deficit and durations (ca. 1 cc. g.-*hr.-* and 3 min.) correspond to 
a temperature change of 0.3°, and it may be noted that each of these low periods 
is followed by a period of increased, presumably compensatory, activity. We have 
previously observed this type of response (a sharp, brief fall) only in hibernators 
entering hibernation. These low values are excluded in our estimate of conductance 
but their values are indicated in Figure 8 along with the average and minimum 
values. We feel that the latter is preferable in calculating minimum conductance, 
but in this species the difference is only 10%. 

In the simplest model homeotherm the metabolism below thermal neutrality is 
represented by a single curve, M=C (Tg—Ta,). This is not possible in the 
present case which requires separate curves for the cold and for room temperatures. 
This is not an uncommon situation and simply means that at moderate tempera- 
tures the animal does not make use of its maximum insulative potential. In this 
instance, the higher conductance at 25-30° (0.13 cc. O, g.*hr.-*° C.*) is about 
twice the minimum value measured at 0-5° (0.068 cc. O, g.*hr.-*° C.-"). 


DISCUSSION 


The behavior of Miniopterus shows that when awake these animals can act as 
homeotherms with a regulated body temperature comparable to other mammals. 
On the night following capture the group was all awake and, although some were 
quite inactive, no temperature less than 36.7° (out of 49 values) was observed. 
While the level of the temperature varied with the level of activity, this is a normal 
feature in homeotherms. The activity increment of 1.3°/+ or 3.9° from “awake” 
to “very active” is comparable to that in non-hibernating mammals; and indeed is 
less than that seen in some. The average temperature of 39.1° is more than a de- 
gree above the average for mammals (Morrison and Ryser, 1952). Although the 
mean activity represented by these values is high (2.6 +), the value corrected to a 
level of 1 +, 37.0°, is still a reasonable one. Although 1° below the mean for “all” 
mammals it is within one standard deviation (for species) and is close to mean 
values for other hibernators in the awake condition. And it is almost identical to 
that of Sorex, a small representative of another primitive group of mammals, the 
insectivores (Morrison et al., 1953, 1959). 

The observed values are also in accord with values of 37.8 and 38.2° made on 
two “fully awake” but not flying individuals of a related species, M. inflatus 
(Eisentraut, 1956b), since the latter lie within our range for walking animals. 
This range, 36.7-40.6°, is slightly higher, but quite comparable to those for 5 
species of temperate bats (limits, 34.4-40.8°) cited by Eisentraut (1938). But 
it is distinctly above the range given by him for 5 tropical species from Africa 
(limits 28-39.2°). Swanson and Evans (1936) report values of 36.7 and 36.1° 
for aroused Eptesicus in winter. 

Values for animals following extended flight were the most uniform of any 
activity level (41.1 + 0.45° (13)) and this may reflect the more positive thermo- 
regulation in response to the excess heat of flying, using the very effective dissipat- 
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ing potential of the wings. Burbank and Young (1934) reported a maximum 
temperature of 41.0° after flight in the horseshoe bat (Rhinolophus). In Myotis 
yumanensis, Reeder and Cowles (1951) observed temperatures of 39.0-40.3 after 
flight and reported that vasodilation of the wings took place at a body temperature 
of about 40°. This species also appears to be similar in its critical temperature 
for flight, 31°, which represents the dividing point for Miniopterus. Burbank and 
Young also note 30° as the minimum temperature for flight in Rhinolophus, and 
30-33° as the temperature for initiation of flight in the noctule bat, Nyctalus 
noctula. Minimum temperatures for flight in hibernating birds are also somewhat 
above 30°. Miller (1950) reported a temperature of 34.0° after a short flight in 
a poor-will (Phalaenoptilus). And Marshall (1955) described an awakening 
captive individual that could not fly at a body temperature of 34.4°. 

Following refrigeration at 10° some of the animals appeared in a different con- 
dition. On transfer into the room they warmed to a level well above room tempera- 
ture (31°), but much less than before even though some walked. Eisentraut 
(1956b) reported the . inflatus did not warm above 30° after refrigeration. Other 
Miniopterus in the present study flew and warmed to a higher level, though still 
less than following short flights in fresh animals. However, with extended 
(forced) flights, almost as high values were noted. But after activity the body 
temperature again fell to near 30°. This approach to the same level from above 
as from below (Fig. 2) provides rather convincing evidence of a maintained level 
and it appears significant that this level is such as to just permit flight. This sug- 
gests that the lower temperatures did not result from any energetic deficiency, but 
possibly from a less disturbed condition than on the day of capture. Pearson 
(1947) in metabolic measurements, observed a case of continuously elevated me- 
tabolism during the day in a specimen of Eptesicus which was disturbed for some 
reason. It may be that bats can maintain different levels of temperature, without 
exercise, in relation to different excitatory levels. 

In this regard it should be noted that although bats have been considered unique 
in their daily transformation into poikilotherms, observations from another phase 
of this study have revealed essentially this same behavior in one of the Dasyurid 
marsupials, Chaetocercus. During the day this animal’s temperature may fall close 
to the ambient temperature even though this is as high as 28°. A related, but not 
so pronounced effect has also been observed in the deer mouse (Peromyscus leu- 
copus) in which certain individuals cool substantially beyond the ordinary range of 
variation during enforced inactivity even at moderate temperatures (Morrison and 
Ryser, 1959). 

Slonim (1952) describes studies of body temperature and metabolism in rela- 
tion to ambient temperature in four microchiropterans. Two species (Miniopterus 
schreibersi and Myotis Myotis) showed clear temperature regulation between 13 
and 24° with a maintained temperature level and a strong metabolic response of 
17-20% /° C. Two species of horseshoe bats (Rhynolophus ferrum equinum and 
R. hipposideros) showed limited, irregular response (at 20-25°). However these 
latter observations were made in March and in the fall, while the first mentioned 
species were studied in May and June. In all these experiments (10 values) the 
maintained body temperatures ranged between 29 and 33°. It may be of signifi- 
cance that this level of regulation (31-33°) is also that found in our most primitive 

homeotherm, the echidna (Wordlaw, 1915). 
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The rates of rewarming were comparable to the maximum rates observed in the 
same genus (1.28, 0.93°/min.) by Eisentraut (1956b) and in Myotis (1.33°/min.) 
by Reeder and Cowles (1951). But our maximum rate of warming during flight 
(ca. 1.0°/min.) was substantially less than a value for Myotis. 


Pteropus 


The influence of activity on body temperature in Pteropus appears quite similar 
to Miniopterus with an activity increment of 1.2°/+, although the observed range 
was more limited. If we correct the mean body temperature of 36.5° (2.1 +) to 
a standard activity of 1+, we have a value of 35.2°. This is definitely lower than 
in Miniopterus and the average for mammals, but it is quite comparable to values 
for two larger insectivores, the mole and the hedgehog, 35.5 and 35.8° ( Morrison and 
Ryser, 1952). Similarly, the variability of the temperature (o = 0.77°) is reason- 
able. The range, 35.2-37.9°, is somewhat less than that of 34.4-38.6° (T4 = 22- 
35°) reported in an African form, Rousettus angolensis by Eisentraut (1938), but 
the midpoint of this range (36.5°) falls just at our mean value. The other observa- 
tions on megachiropterans are by Burbank and Young (1934). They found an 
average of 35.9 + 1.4° (8) in measurements on three species of Pteropus. Exclud- 
ing one value for an active and two for sleeping individuals gave an average of 
35.8° or within the o of our second group of values. Their single value on an 
actual individual (37.5°) checks well with our value at 2+ activity (37.6°), but 
two values on a “large male hanging quietly” were well below our range of values 
(33.0 and 34.0°). Possibly the lower ambient temperature (18°) in these studies 
was only of influence at 0 + activity. Under these conditions they noted a response 
of shivering and a maintenance of body temperature between 33.0 and 37.5°. This 
is considerably more variation than we observed in our specimen, which maintained 
a body temperature of 36.5 even after a 4-hour exposure at a lower temperature 
of 10°. But if we limit Burbank and Young’s values to the four at 1 + activity 
(neither active nor asleep) corresponding to our specimen in the cold, a close 
correspondence is seen (36.8 vs. 36.5°). 

It might be suggested that conditions of captivity prevented the observation of 
temperature lability which still might be present in nature. This indeed appeared 
to be the case in several specimens of Chaetocercus referred to above. While this 
suggestion cannot be disposed of completely in Pteropus, what evidence there is 
appears against it. Field observations show that these animals are not sluggish and 
lethargic during the day as are smaller bats. Rather, we found them alert and 
able to fly off at once when their roosting place is approached or their roosting tree 
disturbed, even at midday. 

Metabolic measurements confirm observations on body temperature in the cold. 
Pteropus can substantially increase its heat production, the average minimum value 
at 0° being 2.5 cc. Oo g.thr.-t or 3 times the B.M.R. This rate corresponds to a 
thermal conductance, C, of 0.068 cc. Oo ghr.?° C1. This minimum value is 
close to that observed in similar measurements on small mammals from Wisconsin 
(Morrison and Ryser, 1951). This series could be described as C = 0.95 W--*8 
which function has a value of 0.071 cc. O2 g.hr.-?° C.-1 at 250 grams. Accordingly, 
this subtropical megachiropteran has an insulation quite comparable to temperate 
species. This contrasts to the tropical mammals examined by Scholander et al. 





496 P. MORRISON 


(1949) which had inferior insulation as compared to Arctic forms. We have 
previously observed less effective regulation in several Central American species 
than that shown here by Pteropus (Morrison, 1946). The minimum temperature 
at Brisbane approaches, but does not go below 0°, so these bats had the capacity to 
regulate at any time during the year. 

The “slips” in metabolism at low temperatures below the maintenance level 
(Figs. 7 and 8) might be interpreted as incipient hibernation since we have seen 
this phenomenon only in animals entering hibernation. However, there is nothing 
to confirm this view, and an alternative suggestion relates to short rests between 
bouts of shivering. Such a phenomenon has been observed in the dog with rests 
of one to fifteen minutes and a concomitant reduction of metabolism to the basal 
level (Hammel and Hardy, 1957). 

A final point of interest relates to the basal metabolic level. The observed mean 
value of 0.84 cc. Oz g.-*hr.-? compared closely with the “standard” value for a 250- 
gram mammal, 3.8 W-:?? = 0.87 cc. O2 g.*hr.-*. Or conversely we may describe 
the metabolic rate in Pteropus as 3.7 W~** cc. O, g.*hr.-*. There are no data 
in the literature with which to directly compare this value. Hock (1951) reports 
a value of 3.0 cc. Og g.hr.* in Myotis at T4 = 37° or about 5 W~** cc. Op. 
g.hr.-'. But although the body temperature probably lay between 37 and 38°, 
these measurements made over one-hour periods undoubtedly included some muscu- 
lar activity and cannot be taken as minimum values. Accordingly, in the matter 
of the B.M.R. as well, the Chiroptera appear to be closely comparable to other 
mammals. 

CoNCLUSIONS 


In summary we may conclude from these studies and other data that the 
Megachiroptera (Pteropus) are not to be distinguished from other mammals on 
the basis of thermoregulation as are the Microchiroptera. Their temperature is 
quite typical in regard to variability, activity response and cold response; and its 
level, although somewhat lower than average, is still higher than some other 
mammals of comparable size such as the insectivores. 

Although the Microchiroptera (Miniopterus) are well developed hibernators 
which can become poikilothermic when circumstances demand, when awake they 
may show thermoregulatory behavior which is comparable to other mammals in 
regard to variability, activity response and mean level. But they may also show an 
intermediate maintained level, neither poikilothermic nor homeothermic in the usual 
sense. 
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STUDIES ON THE EFFECTS OF IRRADIATION OF CELLULAR 
PARTICULATES.’ III. THE EFFECT OF COMBINED RA- 
DIATION TREATMENTS ON PHOSPHORYLATION 
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Department of Biology, Amherst College, Amherst, Mass. 


Previous work has established that particulate-linked, oxidative phosphorylation 
is very sensitive to ionizing radiation. This is true whether the radiation is de- 
livered to the whole organism (van Bekkum and Vos, 1955) or to the isolated par- 
ticulates (Yost and Robson, 1957). These findings suggest that one of the 
principal modes of action of radiation is the destruction of the cells’ ability to carry 
on their “energy metabolism.” Interference with oxidative phosphorylation would 
be expected to have profound effects upon all reactions of the cell which are de- 
pendent upon a supply of ATP (the synthesis of proteins and nucleic acids being 
the most obvious). This suggests that some of the observed damage to the 
chromosomes resulting from radiation might be the result of extra-nuclear damage 
to the phosphorylating mechanism, which suggestion is supported by the observa- 
tion of many investigators (see Wolff and Luippold, 1955) that the number of 
chromosomal aberrations recovered after radiation treatment is altered by known 
inhibitors of oxidative phosphorylation. 

The radiation literature contains many references to the effects of combined 
radiations in producing alterations m chromosomal aberration (Giles, 1954). It 
has been shown that pretreatment with ultraviolet radiation will cause a decrease 
in the number of translocations recovered after exposure to ionizing radiations 
(Swanson, 1943). On the other hand, pretreatment with near infrared radiation 
causes an increase in the recovered aberrations resulting from exposure to ionizing 
radiations (Swanson, 1949). To date, no completely satisfactory explanation has 
been advanced for these results. Explanations of complimentary or antagonistic 
action by radiations used in combination are complicated by the duration of these 
effects. In the case of infrared treatment, there may be a time lapse of at least 96 
hours between the application of the infrared and the x-rays with no decrease in 
effectiveness. Thus, the condition induced is stable, although it may be altered by 
drastic environmental changes (Swanson and Yost, 1951). However, when the 
data from combined radiation studies are taken together with the data on the effects 
of combined radiation and chemical treatments (Kihlman, Merz and Swanson, 
1957), an hypothesis may be formulated. It is possible that the various combined 
treatment effects are the result of activation or inactivation (depending upon the 
radiations or chemicals used) on oxidative phosphorylation. 

The data presented in this paper are the result of studies designed to test the 
hypothesis that the observed effects of combined radiation treatments are the result 
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of interference with the normal phosphorylation pathways. The effect of ultra- 
violet radiation alone and in combination with gamma radiation, and the effect of 
infrared radiation alone and in combination with gamma and ultraviolet radiations 
was studied. Isolated particulates from rat liver were chosen since the effects of 
gamma radiation and some ultraviolet effects were already known (Yost and 
Robson, 1957; Yost, Robson and Spiegelman, 1956). 


MATERIALS AND METHODS 


White laboratory rats were starved overnight and sacrificed by a blow on the 
head. The liver was removed and placed in cold 0.85% KCl, where much of the 
blood is washed free. The liver was weighed and pressed through a bronze screen 
to remove connective tissue. The resulting mash was then suspended in 50 ml. of 
cold 8.5% sucrose containing 0.005 M disodium versenate and homogenized in a 
glass homogenizer. The mitochondria were then separated from the rest of the 
homogenate by differential centrifugation (Schneider, 1948). The mitochondrial 
fraction alone was kept. The final centrifugate was re-suspended in 1 ml. 8.5% 
sucrose per gram of original liver. All dilutions were made from this stock solution. 

For treatment with gamma radiation the preparation was diluted 1 in 20 with 
cold distilled water. This diluted suspension was radiated in a 25-ml. “Lusteroid” 
centrifuge tube in the beam of a 440 curie Co® source. The radiation was filtered 
by a half-inch lucite shield to remove the beta radiation. The intensity of radiation 
was 1000 r per minute. The controls were treated in the same manner, with the 
exception of the exposure to radiation. After radiation, control and treated sus- 
pensions were centrifuged, and the mitochondria re-suspended in one ml. This final 
suspension was assayed for phosphorylation. 

For treatment with ultraviolet radiation the preparation was not diluted. Two 
and five-tenths ml. were placed in a quartz flask rotated in the ultraviolet beam by a 
slow speed stirring motor; 2.5 ml. were kept in a Pyrex tube in the cold as a con- 
trol. During the period of irradiation, the quartz flask was partially submerged 
in an ice-water bath maintaining a temperature under 5° C. This flask was kept 
11.5 cm. from a germicidal lamp for all radiations. The intensity of the radiation 
was 5500 ergs/cm?/sec. For most studies the radiations were filtered by a Corn- 
ing No. 7910 filter which transmits principally those wave-lengths above 2400 A 
(Filter I). In one case, to test the effect of longer wave-lengths, a Corning No. 
9700 filter (transmits principally above 2700 A) was used (Filter II). To test the 
effect of the flask rotation on phosphorylation, experiments were run in which the 
mitochondria were treated in the same way that they would have been for ultraviolet 
treatment with the exception that the ultraviolet source was not turned on. 

For treatment with infrared radiation, the preparation was not diluted. Four 
or five ml. of the suspension were placed in a small test tube which was rotated in 
the infrared beam by a slow stirring motor. Temperature changes were eliminated 
by radiating the suspension while immersed in a water bath cooled by a Blue-M 
cooling coil. The bath was maintained at 9° C. for all studies. Controls were 
kept in the rear of the water bath wrapped in aluminum foil to prevent exposure to 
radiation ; in two cases they were rotated as were the treated. The infrared source 
was 6 inches from the center of the exposed test tube. All radiation passed through 
a Corning No. 2540 filter, the glass side of the water bath (window glass), and 1 
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cm. of water. This arrangement provides intense radiation in the region 7600 to 
15,000 A. The source of radiation was a 250-watt commercial heat lamp operated 
at 110 volts. The usual exposure was for three hours. The intensity of the 
source is not accurately determined, but this was capable of increasing the chrom- 
osome aberrations in Tradescantia by at least 100% when used in combination with 
gamma rays. 

For studies of the effects of combined radiations, the procedures outlined above 
were followed. The controls were taken through all the steps with the exception 
of exposure to radiation. 

Some attempts to reactivate the ultraviolet-damaged phosphorylation mecha- 
nism were made. In attempts to photoreactivate the system, the suspension was 
exposed to visible light from a 250-watt incandescent spot-light filtered to remove 
the red wave-lengths. This treatment was carried out at 10° C. in the same water 
bath used in the infrared studies, to prevent heat-inactivation of the system. 
Treatments were of 20 minutes duration. In attempts to reactivate the system by 
the addition of co-factors, the co-factor was added to the reaction flask prior to 
assay of phosphorylation and oxygen uptake. In one case, 0.1 ml. of 0.01 M DPN 
was added, and in the other, 0.1 ml. of 10-* M FAD. 

Estimation of phosphorylation was conducted by a modification of the method 
of Maley and Lardy (1954), using succinate as the substrate. The main compart- 
ment of the Warburg vessel contained: 0.3 ml. (30 «M) phosphate buffer (pH 
7.4), 0.3 ml. 0.1 M sodium succinate, 0.8 ml. 8.5% sucrose, 0.1 ml. (0.3 »M) cyto- 
chrome-c, 0.3 ml. (6 »™M) ATP (Schwartz, neutral), 0.1 ml. (30 ~M) MgSO,, 
0.1 ml. (40 »M) KF, and 0.5 ml. of the mitochondrial suspension. The center 
well contained 0.1 ml. 5 N KOH, and the side arm held 0.5 ml. (10 mg.) of 
hexokinase (Pabst) dissolved in 0.15 M glucose. To assure that the initial pH 
of the reaction would be 7.4 or higher, the pH of some of the more acid reactants 
was adjusted with NaOH before addition to the flasks. Readings of the oxygen 
uptake were taken for 30 minutes, after which the reactions were stopped with TCA 
and the phosphate determined by the Lowry-Lopez method as presented by Glick 
(1949). All Warburg assays were carried out at 25° C. All assays were made 
in duplicate. All experiments were repeated at least three times. 


RESULTS 


The data presented in Table I show the effectiveness of ultraviolet radiation in 
the inactivation of oxidative phosphorylation. Although the phosphorylation mech- 
anism is very labile and therefore shows variation from experiment to experiment 
and from assay to assay, it is clear that ultraviolet radiation inactivates phosphoryla- 
tion rather easily. These data cannot be used to construct an inactivation curve 
because of the variability, but there is clear indication that the inactivation proceeds 
in a non-linear manner. It is also clear that the inactivation is not the result of 
either the time lag between the isolation of the mitochondria and the assay or the 
rotation in the quartz flask. Thirty minutes’ rotation causes no loss of phosphoryla- 
tion. Further, it can be seen that the filter which transmits principally those wave- 
lengths above 2700 A is not effective in bringing about this change. It would 
appear that the effective wave-length lies somewhere between the minimum of 
Filter I and the minimum of Filter II, that is, between about 2200 and 2700 A. 
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TABLE | 


Inactivation of phosphorylation by ultraviolet radiation 
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* Particulates undiluted; treated in rotating quartz flask. Filter I transmits principally 
above 2400 A; Filter II transmits principally above 2700 A. 


One other thing should be noted. The inactivation of the phosphorylating mech- 
anism bears no clear relationship to the inactivation of the cytochrome oxidase 
system. Oxygen uptake is essentially unaffected in many cases in which there is 
extreme damage to phosphorylation. This is in agreement with earlier findings 
with gamma radiation (Yost and Robson, 1957). 

The data in Table II show that the inactivated phosphorylation mechanism can- 
not be easily revived. Addition of DPN to the system stimulates phosphorylation 
but does not overcome the effect of the ultraviolet. As a matter of fact, when the 
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Failure to reactivate ultraviolet-damaged phosphorylation 
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ve * Particulates undiluted; treated in a rotating quartz flask. Ultraviolet filtered by Filter I; 
visible light filtered to remove ultraviolet and infrared. DPH (0.1 ml. of 0.01 M) and FAD 
(0.1 ml. of 10-* AZ) added after exposure. 
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DPN-treated series is used as a control for a series having both ultraviolet and 
DPN, the DPN-treated suspensions show greater inactivation than untreated, 
FAD has a more pronounced inhibitory effect. This may well result from the 
competition between the normal electron transport pathway in the mitochondrion 
and the FAD for excess electrons, when the system is partially damaged. Similarly, 
the system was not reactivated by light under our conditions. Treatment with 
visible light increased the damage in most cases even when filtered to remove far 
red and ultraviolet components. No attempt was made to use a narrow region of 
the visible near 3600 A in these studies ; however, the treatment used is similar to 
that used to reactivate bacteria successfully. Addition of cytochrome-c to the 
suspension did not result in reactivation by visible light. 

Table III presents the data obtained in studies of the effect of infrared radiation 
on phosphorylation. It is important to note that this process is temperature-sensitive 
and that any rise in temperature during the infrared treatment results in inactivation 


TABLE III 


The effect of infrared radiation alone and in combination 
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* Particulates undiluted for ultraviolet and infrared treatment; ultraviolet exposure in a 
rotating quartz flask; infrared exposure in a rotating 5-ml. test tube. Particulates diluted 1 in 
20 for y ray exposure. 


of the phosphorylation mechanism. For this reason, the data reported here are 
those from studies in which the temperature was carefully controlled and kept below 
10° C. Under these conditions, there is no effect of infrared treatment either alone 
or in combination with ultraviolet or gamma radiation. This statement must have 
one reservation, however; the variability between runs was rather high in these 
experiments as a result of the extended time of treatment and the dilution necessary 
for gamma radiation. As a result the averages may not present a completely 
accurate picture. In the case of pretreatment with infrared and treatment with 
ultraviolet radiation, three runs showed some increased inactivation and two 
showed decreased inactivation. There is a suggestion in these data that the 
infrared may have a slight effect on the phosphorylating mechanism, but nothing 
of the order of magnitude of its other known effects. 

In Table IV are presented the data from studies of the effect of combined 
ultraviolet and gamma radiation. The figures in this table need explanation. The 
wide discrepancy between the two types of experiment with regard to the inactiva- 
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tion by ultraviolet alone is the result of the fact that to treat the mitochondria with 
gamma radiation the mitochondria must be diluted. Consequently in studies of 
the effects of post-treatment with ultraviolet the mitochondria had been diluted, 
centrifuged and re-suspended before treatment with ultraviolet. In this condition 
they seem more sensitive. Because of the difficulties of doing studies of this kind, 
these data can only be taken as suggestive. It would appear that the gamma radia- 
tion sensitizes the phosphorylation mechanism to ultraviolet treatment, but not the 
converse. However, unless these studies can be carried out in some manner which 
is not so drastic to the mitochondria, it will be impossible to be sure of this point. 
Attempts are being made to do this at present. 

The oxidative phosphorylation of isolated particulates is sensitive to both aging 
and dilution of the preparation. However, in undiluted preparations kept in the 
cold (below 10° C.), the aging effects are slight for the first 4 or 5 hours. There- 
fore, most experiments reported in this paper were conducted under conditions in 
which the mitochondria were in fresh condition at the time of assay. Even the 
delay between isolation and assay of three hours, experienced with preparations 


TABLE IV 
The effect of combined ultraviolet and gamma radiation 
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* Particulates undiluted for ultraviolet treatment; diluted 1 in 20 for y ray treatment. 


treated with infrared radiation, caused no appreciable decrease in phosphorylative 
ability due to aging. On the other hand, when a preparation is diluted, the phos- 
phorylative ability is damaged. Therefore, the experiments done with gamma 
radiation show the superimposition of two effects: dilution and exposure to radia- 
tion. The degree of inhibition resulting from dilution varies from preparation 
to preparation. We are unable to explain this at the present time. This double 
effect in the gamma-treated series may be obscuring an effect that the radiation 
would have on undiluted preparations. The part of oxidative phosphorylation 
which is sensitive to dilution may be highly sensitive to radiation. However, this 
only means that the effects reported are the minimum effects of radiation. It should 
be emphasized that the effect of which we speak is a decrease in the total phosphate 
uptake and not a serious change in the P:O ratio. Some uncoupling occurs in 
highly diluted preparations but none occurs in undiluted preparations or in diluted 
preparations which are not allowed to stand in the diluted condition. 

All the data presented in these tables represent the average values for the 
experiments, with standard errors. The problem of the variation from run to 
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run cannot be eliminated at this time. _The mitochondria for each run are obtained 
from a different rat. Phosphate uptake and sensitivity to radiation varies from 
rat to rat. Attempts to standardize the procedures by using rats of uniform age 
and of defined diet reduce this variation only slightly. Therefore, all of these 
data must be regarded as indicating relationships in a manner that is qualitative 
rather than quantitative. 


DISCUSSION 


The data presented in Table I show quite clearly that ultraviolet radiation in 
the wave-length region of 2400-2700 A (probably 2600 A) readily inactivates the 
oxidative phosphorylation mechanism of isolated cellular particulates. Further- 
more, it is clear that the inactivation of phosphorylation is unrelated to inactivation 
of the oxidase system, since oxygen uptake may be very slightly affected in some 
cases in which phosphorylation is quite low. The separation of phosphorylation 
from oxidation is a common observation in mitochondrial preparations. Aging of 
the preparation will cause a loss of phosphorylative ability without appreciable 
damage to the oxidative system. Ultraviolet radiation merely accelerates this 
process. The observations with ultraviolet radiation are in complete agreement 
with those using gamma radiation (Yost and Robson, 1957). It appears that any 
one of a variety of agents will uncouple phosphorylation and oxidation. 

The use of ultraviolet radiation to uncouple the phosphorylation mechanism 
presents some interesting approaches to the general problem of radiation effects and 
to the general problem of the sequence of events in oxidative phosphorylation. 
On this last point, Beyer (1958) has recently suggested that reversal of the 
effects of ultraviolet radiation may be used as a tool to indicate the normal pathway 
of electron flow in this system. His observation that addition of vitamin K is 
necessary to reactivate the glutamate system may be taken as evidence that this 
vitamin participates in the over-all process. Similar experiments may be done to 
elucidate further the mechanisms of phosphorylation. However, the observations 
of Beyer that photoreactivation can be achieved after treatment with ultraviolet 
radiation are not substantiated by the data presented in this paper. Under the 
conditions employed in these studies, it has been impossible to reactivate phos- 
phorylation with visible light or the addition of several co-factors. Although the 
inactivation of oxidative phosphorylation by ultraviolet radiation may play a large 
part in the death of cells exposed to radiations, and although it is a well known 
fact that cells exposed to lethal doses of ultraviolet radiation can be revived by 
subsequent exposure to visible radiation (Kelner, 1949), the results reported in 
Table I indicate that the isolated particulate system cannot be reactivated by the 
same means that the whole cells can. Whether this inability to reactivate the 
phosphorylation mechanism is the result of a failure to use the right wave-lengths 
(3600 A) exclusively, or is the result of failure to combine co-factor addition with 
light treatment can only be determined in the future. Whether the phosphorylation 
mechanism is inactivated in whole cells by ultraviolet radiation and then revived by 
light treatments will be the subject of a new series of investigations. 

Since the report of inactivation and photoreactivation of DPN (Wells, 1956), 
it has seemed possible that any interference with oxidative metabolism might be the 
result Of inactivation of the nucleotide-containing co-enzymes. These were tried 
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in this system in attempts to reactivate phosphorylation although they have no 
known function in the succinate system. That they failed to reactivate the system 
is not surprising. It does indicate that the decrease in phosphorylative ability is 
not the result of inactivation of some other (nucleotide-requiring ) part of the system. 
Since ATP is a normal part of the reaction mixture, it is safe to assume that the 
effect is not upon the adenosine nucleotides. This agrees with the findings of 
Beyer (1958). 

The data in Tables III and IV represent an attempt to find a mechanism of 
action for combined radiation effects. The effects of combined radiations on 
chromosomes must have their explanation either in the alteration of the ability of 
the breaks to rejoin or in the alteration of the fragility of the chromosome to 
radiation. Unless a mechanism of action can be discovered, it is unlikely that any 
satisfactory explanation will be forthcoming. The many experiments indicating 
that the damage to chromosomes by radiation is greatly influenced by known 
inhibitors of phosphorylation (Wolff and Luippold, 1955) suggests that studies 
on the combined effects of radiations on phosphorylation might give some important 
clues to radiation mechanisms. The data gathered in these experiments indicate 
that there is no pronounced effect of combined treatments with ultraviolet, infrared 
and gamma radiations. The potentiating effect of infrared, so clearly demonstrated 
in Tradescantia (Swanson, 1949), cannot be found in the mitochondrial systems ; 
nor is there any indication of interactions (other than an additive effect of the 
radiations ) between gamma rays and ultraviolet. These findings are not in accord 
with the report by Gordon and Surrey (1958) that near-infrared radiation acceler- 
ates the decay of phosphorylative ability in rat liver mitochondria. The techniques 
employed in the two studies are quite different and the difference in results is 
undoubtedly attributable to the greater sensitivity of the technique of Gordon and 
Surrey. Indeed this may explain the variability of some of our results. It is 
possible that a slight infrared effect is present in our test materials, but that our 
test is too insensitive to give a consistent measure of its magnitude. However, 
there can be little comparison of an effect on phosphorylation of this small degree 
with the enormous effect of infrared radiation on chromosome breakage. It seems 
highly unlikely that an increase in x-ray breakage of chromosomes amounting to 
100 to 200 per cent can be induced by alterations of the phosphorylation mechanism 
too slight to be detected by the hexokinase method employed in this study. 


SUMMARY 


Data are presented which show that ultraviolet radiation in the 2600 A region 
inactivates oxidative phosphorylation. The addition of co-factors and the exposure 
to light of the preparations failed to reactivate the phosphorylation after treatment 
with ultraviolet. Treatment with infrared radiation and treatment with combined 
infrared and ultraviolet, infrared and gamma, and ultraviolet and gamma radiation 
failed to show any alteration in the normal inactivation patterns found with treatment 
with ultraviolet or gamma radiation alone. These data suggest that both ionizing 
and non-ionizing ultraviolet radiations damage cells, at least in part, by inactivation 
of oxidative phosphorylation. However, these data do not give any clue to the 
— of action of combined radiations in altering the chromosomal structure 
of cells. 





H. T. YOST, JR. AND H. H. ROBSON 


LITERATURE CITED 


Beyer, R. E., 1958. Ultraviolet irradiation as a tool in studies of oxidative phosphorylation. 
Radiation Research, 9: 92. 

Gmues, N. H., Jr. 1954. Radiation-induced chromosome aberrations in Tradescantia. In: 
Radiation Biology, A. Hollaender, Ed., McGraw-Hill Book Co., New York. Vol. I 
pt. 2, chap. 10. 

Gutck, D., 1949. Techniques of Histo- and Cytochemistry. Interscience Publishers, Inc., New 
York. 

Gorpon, S. A., AND K. Surrey, 1958. A biochemical basis for the far-red potentiation of 
X-ray induced chromosomal breaks. Radiation Research, 9: 121. 

Kener, A., 1949. Effect of visible light on the recovery of Streptomyces griseus conidia from 
ultraviolet radiation injury. Proc. Nat. Acad. Sci., 35: 73-79. 

Kratman, B. A., T. Merz anp C. P. Swanson, 1957. Experimentally induced chromosome 
aberrations in plants. II. The effect of cyanide and other heavy-metal complexing 
agents on the production of chromosome aberrations by X-rays. J. Biophys. Biochem. 
Cytol., 3: 381-390. 

Matey, G. F., anp H. A. Larpy, 1954. Phosphorylation coupled with the oxidation of re- 
duced cytochrome-c. J. Biol. Chem., 210: 903-909. 

Scuneiwer, W., 1948. Intracellular distribution of enzymes. III. The oxidation of octanoic 
acid by rat liver fractions. J. Biol. Chem., 176: 259-266. 

Swanson, C. P., 1943. X-ray and ultraviolet studies on pollen tube chromosomes. I. The 
effect of ultraviolet (2537 A) on X-ray induced chromosomal aberrations. Genetics, 
29: 61-68. 

Swanson, C. P., 1949. Further studies on the effect of infrared radiation on X-ray induced 
chromatid aberration in Tradescantia. Proc. Nat. Acad. Sci., 35: 237-244. 
Swanson, C. P., anp H. T. Yost, Jr., 1951. The induction of activated, stable states in the 
chromosomes of Tradescantia by infrared and X-rays. Proc. Nat. Acad. Sci., 37: 

796-802. 

vAN Bexxum, D. W., anv O. Vos, 1955. The effects of X-rays on the oxidative phosphoryla- 
tion of mitochrondria in relation to nuclear damage. Brit. J. Exp. Pathol., 36: 432-438. 

Wextts, P. H., 1956. Photoreactivation of ultraviolet-inactivated disphosphopyridine nucleotide. 
Science, 124: 31. 

Wotrr, S., anp H. E. Lurpporp, 1955. Metabolism and chromosome-break rejoining. Science, 
122: 231-232. 

Yost, H. T., Jr, H. H. Rosson anv I. M. Sprecteman, 1956. Studies on the effects of ir- 
radiation of cellular particulates. I. Inhibition of cytochrome oxidase by ultraviolet. 
Biol. Bull., 110: 96-106. 

Yost, H. T., Jr, anp H. H. Rosson, 1957. Studies on the effects of irradiation of cellular 
particulates. II. The effect of gamma radiation on oxygen uptake and phosphorylation. 
Biol. Bull., 113: 198-206. 





INDEX 


CROPORA, skeleton formation in, 59. 


Activity of bats, 484. 

Adult silkworm, corpora allata of, 323. 

Agglutination, fertilizin, inhibition of by 
Arbacia dermal secretion, 472. 

Aggregation of slime molds, 304. 

Alga, marine, growth of in culture, 461. 

Allatectomized Philosamia, egg development 
in, 88. 

ALLEN, M. J. Embryological development of 
the polychaetous annelid, Diopatra, 339. 

Allocentrotus, biology of, 362. 

Almyracuma from Cape Cod, 115. 

Amicula, shell repair in, 318. 

Amino acids in chicken egg yolk, 420. 

Amino acids in slime mold, 265. 

Ammonium concentrations in Uca, 76. 

Amphibian oviduct, histochemistry of, 446. 

Amphibian red blood cell form, 397. 

Amphibian water-drive, 429. 

Amphidinium, energetics of motion of, 285. 

Amphineurans, shell repair in, 318. 

Analysis of nutrients in chick yolk, 420. 

Analysis of slime mold amino acids, 265. 

Anatomy of Callinectes larvae, 373. 

Anatomy of dinoflagellates, 195. 

Anatomy of frozen intertidal animals, 258, 

Anatomy of lobster gynandromorph, 226. 

Anatomy of new cumacean, 115. 

Anatomy of Proctoeces, 184. 

Annelid, development of, 339. 

Antherea, endocrine activity of, 323. 

Antherea, respiratory enzymes of, 136. 

Antibiotics, use of in study of Tubularian 
regeneration, 232. 

Antigens in Arbacia dermal secretion, 472. 

— A, effects of on silkworm respiration, 

Antisera against fertilizin, effects of on sea 
urchin egg respiration, 217. 

Arbacia dermal secretion, inhibition of fertilizin 
by, 472. 

Arthropod, photoreception in, 204. 

Arthropod retina, reflecting pigment from, 125. 

Astasia, periodicity of mitosis in, 162. 

Australian bats, body temperatures of, 484. 

Avian flight muscles, structure and physiology 

; of, 239. 
Azide, effects of on silkworm respiration, 136. 


507 


ACTERIA, role of in growth of Dunaliella 
in culture, 461. 

Bacteria, role of in Tubularia regeneration, 232. 

BaLecu, E. Two new genera of dinoflagellates 
from California, 195. 

Barr, L. See J. W. GREEN, 76. 

Bats, Australian, body temperatures of, 484. 

Breeton, A. M. Photoreception in the opossum 
shrimp Mysis, 204. 

Behavior of molluscs at low temperatures, 258. 

Beta-glucosidase of silkworm midgut, 95. 

Bicolor lobster gynandromorph, 226. 

Biology of Allocentrotus, 362. 

Bird flight muscles, structure and physiology 
of, 239. 

Bisexual lobster, 226. 

Blastoderm, chick, in vitro culture of, 420. 

Blastoderm, chick, development of at low 
temperature, 436. 

Blockage of meiosis in salamander eggs, 446. 

Blood cell, red, of amphibians, 397. 

Blood ion exchanges in Pachygrapsus, 248. 

Body temperatures of Australian bats, 484. 

Bombyx midgut, beta-glucosidase of, 95. 

Booxuout, C. G. See J. D. CostLow, Jr., 
373. 

BooLootiAn, R. A., A. C. Griese, J. S. TUCKER 
AND A. FARMANFARMAIAN. A contribution 
to the biology of a deep sea echinoid, 
Allocentrotus, 362. 

BooLooTiAN, R. See A. C. GIEsE, 49. 

Brachyuran crab, osmotic regulation in, 37. 

Brackish water cumacean, 115. 

Brain formation in chick embryo, 436. 

BROOKBANK, J. W. The respiration of un- 
fertilized sea urchin eggs in the presence of 
antisera against fertilizin, 217. 

BurBANCK, W. D. See N.S. Jones, 115. 


ALCIUM, possible role of in UV-irradiated 
sea urchin eggs, 294. 
Calcium concentrations in Uca, 76. 
Calcium deposition in coral skeletons, 59. 
California dinoflagellates, new genera of, 195. 
Callinectes, larval development of, 373. 
Cape Cod cumacean, 115. 
Carbohydrate metabolism of chick embryo, 
420. 
Carbohydrate metabolism of crustacean, 175. 





508 


Carbohydrate metabolism of slime mold, 265. 

Carbon dioxide, role of in skeleton formation of 
corals, 59. 

Carbon monoxide-insensitive 
silkworm pupae, 136. 
Carbonic anhydrase, effect of on coral skeleton 

formation, 59. 

Carcinides, hormonal control of metabolism in, 
175. 

Carp pituitary, prolactin in, 429. 

Carteria, energetics of motion of, 285. 

Cecropia silkworm, corpora allata of, 323. 

Cell, initiator, role of in slime mold aggregation, 
304. 

Cell division, periodicity of, in euglenids, 162. 

Cell division in UV-irradiated sea urchin eggs, 
294. 

Cell form of amphibian erythrocytes, 397. 

Cells, flagellated, motility and power dissipa- 
tion in, 285. 

Cellular particulates, irradiation of, 498. 

Centrifuged and UV-irradiated sea urchin eggs, 
294, 

Cercaria, new species of, 184. 

Cuace, F. A., JR., AND G. M. Moore. A bi- 
colored gynandromorph of the lobster, 
Homarus, 226. 

CHANG, J. J., AND F. H. Jonson. The in- 
fluence of pressure, temperature and 
urethane on the luminescent flash of 
Mnemiopsis, 1. 

Characteristics of low 
blastoderms, 436. 

Chemical control of feeding in Physalia, 452. 

Chick blastoderms, development of at low 
temperatures, 436. 

Chick embryo somite formation, 420. 

Chicken egg yolk, nutrients in, 420. 

Chiroptera, body temperatures of, 484, 

Chitons, shell repair in, 318. 

Chlamydomonas, motility and power dissipa- 
tion in, 285. 

Chloride concentrations in Uca, 76. 

Chloride ion, role of in histophysiology of crab 
gill and kidney, 37. 

Chlorophyll @ synthesis of Dunaliella, 461. 

Chromatographic analysis of slime mold, 265. 

Chromatography of chicken egg yolk, 420. 

Chromatography of crustacean retinas, 125. 

Cladocora, skeleton formation in, 59. 

Cleavage of Diopatra, 339. 

Cleavage of UV-irradiated sea urchin eggs, 294. 

Cnidaria, evolution of, 452. 

Cobalt-60 irradiation of cellular particulates, 
498. 

Cockroach, control of reproduction in, 406. 

Coelenterate, chemical control of feeding in, 
452. 


respiration of 


temperature chick 


INDEX 


Coelenterate, inhibition of regeneration in, 232. 

Colacium, periodicity of mitosis in, 162. 

Cold, effect of on amphibian erythrocyte form 
397. . 

Cold, effect of on Mnemiopsis flash, 1. 

Cold, effects of on intertidal animals, 25 

Cold, response of bats to, 484. 

Color variant of lobster, 226. 

Comb jelly, luminescence of, 1. 

Combined radiation of cellular particulates, 
498. 

Control of feeding in Physalia, 452. 

Control of metabolism in crustaceans, 175. 

Control of reproduction in Diploptera, 406. 

Cooling, effect of on development of chick 
blastoderm, 436. 

Copepods, hatching of eggs of, 15. 

Coral skeleton formation, 59. 

Corpora allata, role of in 
Diploptera, 406. 

Corpora allata of Cecropia silkworm, 323. 

Corpus allatum of Philosamia, 88. 

CostLow, J. D., Jr., anp C. G. Booxkuovr. 
The larval development of Callinectes 
reared in the laboratory, 373. 

Cryptochiton, shell repair in, 318. 

Cumacean, new genus and species of, 115. 

Crab, hormonal control of metabolism in, 175. 

Crab, larval development of, 373. 

Crab, osmotic stress in, 248. 

Crab gill and kidney, histophysiology of, 37. 

Crabs, fiddler, regulation of salt and water by, 
76. 

Crassostrea, frozen, histology and metabolism 
of, 258. 

Crustacea, osmotic regulation in, 272. 

Crustacea, reflecting pigment from retina of, 
125. 

Crustacean, histophysiology of gill and kidney 
of, 37. 

Crustacean, hormones of, 30. 

Crustacean, larval development of, 373. 


reproduction of 


Crustacean, new genus and species of, 115. 

Crustacean, osmotic stress in, 248 

Crustacean, regulation of water and salt by, 76. 

Crustacean gynandromorph, 226. 

Crustaceans, hormonal control of metabolism 
in, 175. 


Cryptoglena, periodicity of mitosis in, 162. 


Ctenophore, luminescence of, 1. 

Culture of Chlamydomonas, 285. 
Cultured Dunaliella, growth of, 461. 
Cycle, reproductive, of sea urchin, 49. 
Cyclic sexual activity of Diploptera, 406. 
Cyclops, hatching of eggs of, 15. 
Cynthia, endocrine activity of, 323. 
Cyprinus pituitary, prolactin in, 429. 





INDEX 


Cysteine, effects of on feeding reaction of 
" Physalia, 452. 

Cytochrome oxidase, role of in silkworm pupa 
"respiration, 136. 


NP, effects of on silkworm respiration, 136. 


DPN, effects of on dephosphorylation of rat 
liver cell particulates, 498. 

Dark adaptation in Mysis, 204. 

Dark-adapting hormones of Palaemonetes, 30. 

Darkness, effect of on mitotic periodicity of 
euglenids, 162. 

Davis, C. C. Osmotic hatching in the eggs of 
some fresh-water copepods, 15. 

Davison, J. Studies on the form of the am- 
phibian red blood cell, 397. 

Decapod, osmotic stress in, 248. 

Decapod Crustacea, osmotic regulation in, 76. 

Decompression, effects of on Mnemiopsis 
luminescent flash, 1. 

Deep sea echinoid, biology of, 362. 

Deposition of calcium in coral skeleton, 59. 

Dermal secretion of Arbacia, inhibition of 
fertilizin by, 472. 

Description of new species of dinoflagellates, 
195. 

Desiccation of Pachygrapsus, 248. 

Developing slime mold, amino acids in, 265. 

Development of Callinectes, 373. 

Development of chick somites, 420. 

Development of Diopatra, 339. 

Development of silkworm, role of corpora allata 
in, 323. 

Development of slime mold aggregations, 304. 

Development of UV-irradiated sea urchin eggs, 
294. 

Developmental characteristics of low temper- 
ature chick blastoderms, 436. 

Diamox, effects of on coral skeleton formation, 
59. 

Diapausing silkworm pupae, respiratory en- 
zymes of, 136. 

Diapausing silkworm pupae, role of corpus 
allatum in, 88. 

Diapausing silkworms, endocrine activity of, 
323. 

Diaptomus, hatching of eggs of, 15. 

Dictyostelium, aggregation of, 304. 

Dictyostelium, amino acids in, 265. 

Digenetic trematode, life-cycle of, 184. 

Dinitrophenol, effects of on silkworm respira- 
tion, 136. 

Dinoflagellates, new genera of, 195. 

Diopatra, development of, 339. 

Distal retinal pigment migration of Palae- 
monetes, 30. 

Distigma, periodicity of mitosis in, 162. 


509 


Distribution of fibers in pigeon flight muscle, 
Division, cell, in UV-irradiated sea urchin eggs, 
sana regeneration, effects of thiourea on, 
Detain, energetics of motion of, 285. 
Dunaliella, growth of in culture, 461. 


CDYSONE, role of in endocrine activity of 

silkworm, 323. 

Echinoderm, deep sea, biology of, 362 

Echinoderm, productivity of, 49. 

Echinoderm dermal secretion, 
fertilizin by, 472. 

Echinoderm eggs, respiration of, 217. 

Echinoderm eggs, ultraviolet irradiation of, 
294. 

Echinoid, deep sea, biology of, 362. 

Ecology of Allocentrotus, 362. 

Ecology of chitons, 318. 

Ecology of cumacean, 115. 

Effect of osmotic stress on Pachygrapsus, 248. 

Effects of irradiation of cellular particulates, 
498. 

Effects of thiourea on planarians, 106. 

Eft water-drive factor in teleost pituitaries, 429. 

Egg maturation in Diploptera, 406. 

Eggs, copepod, osmotic hatching of, 15. 

Eggs, sea urchin, respiration of, 217. 

Eggs, sea urchin, ultraviolet irradiation of, 294, 

Electrical measurements of Mnemiopsis lumi- 
nescence, 1. 

Embryo, chick, somite formation in, 420. 

Embryological development of Diopatra, 339. 

Embryology of UV-irradiated sea urchin eggs, 
294, 

Embryos, chick, development of at low temper- 
ature, 436. 

Endocrine activity of Diploptera, 406. 

Endocrine activity of silkworm, 323. 

Endocrine relations in Philosamia, 88. 

Endocrine studies on crab, 175. 

Endocrinology of amphibians, 429. 

Endocrinology of crustaceans, 30. 

Energetics of cell motion, 285. 

ENGELMANN, F. The control of reproduction 
in Diploptera, 406. 

Ennis, H. M. See M. SussMan, 304. 

Enzyme studies on silkworm midgut, 95. 

Enzymes, respiratory, of diapausing silkworm 
pupae, 136. 

Eri-silkworm, corpus allatum of, 88. 

Erythrocytes of amphibians, 397. 

Euglenineae, periodicity of mitosis in, 162. 

Eutreptia, periodicity of mitosis.in,. 162. 

Evolution of Cnidaria, 452. 

Exchanges, ionic, in Pachygrapsus, 248. 


inhibition of 








510 


Excretion of crab, 37. 

Exogenous rhythm of mitotic periodicity in 
eugienids, 162. 

Explantation of chick embryos, 420, 436. 

Eye formation in regenerating planarian, 106. 

Eyes of Crustacea, reflecting pigment from, 125. 

Eyestalk removal, effect of on metabolism of 
crab, 175. 


ARMANFARMAIAN, A. See A. C. GIEsE, 

49; R, A. BooLoorian, 362. 

Fat content of pigeon flight muscle, 239. 

Feeding, chemical control of, in Physalia, 452. 

Fertilization of Diopatra eggs, 339. 

Fertilization reactions in UV-irradiated sea 
urchin eggs, 294. 

Fertilizin antisera, effects of on sea urchin egg 
respiration, 217. 

Fertilizin inhibition by Arbacia dermal secre- 
tion, 472. 

Fiber architecture of pigeon muscle, 239. 

Fiddler crab, regulation of salt and water by, 76. 

FINGERMAN, M., M. E. Lowe anp B. I. 
SUNDARARAJ. Dark-adapting and _light- 
adapting hormones controlling the distal 
retinal pigment migration of the prawn, 
Palaemonetes, 30. 

Fish pituitaries, prolactin in, 429. 

Flagellate, growth of in culture, 461. 

Flagellated cells, motility and power dissipation 
in, 285. 

Flash, luminescent, of Mnemiopsis, 1. 

FLEMISTER, S.C. Histophysiology of gill and 
kidney of crab Ocypode, 37. 

Flight muscles of birds, 239. 

Fluorescent compounds in arthropod retinas, 
125. 

Food, role of in growth of Callinectes larvae, 
373. 

Form of amphibian red blood cell, 397. 

Formation of skeletons in corals, 59. 

Fragilidium, a new species, 195. 

Fraser, R.C. Somite genesis in the chick. 
II., 420. 

Fresh-water copepods, osmotic hatching of eggs 
of, 15. 

Frozen intertidal animals, histology and 
metabolism of, 258. 

Fruit bat, body temperatures of, 484. 

Futton, C. Re-examination of an inhibitor 
of regeneration in Tubularia, 232. 

Fundulus, prolactin in pituitary of, 429. 


GAMETES of Diopatra, 339. 


Gamma radiation, effects of on cellular particu- 
lates, 498. 

GeorcE, J. C., anD R. M. Naik. Studies on 
the structure and physiology of the flight 
muscles of birds, 4., 239. 


INDEX 





Giese, A. C., et al. Organic productivity in 
the reproductive cycle of the purple sea 
urchin, 49. 

Giese, A. C. See R. A. BooLootian, 362; 
J. S. Tucker, 318. 

Gill of crab, histophysiology of, 37. 

Gill fluid ion concentrations in Uca, 76. 

Glucose as energy source in chick somite genesis, 
420. 

Glucosidase of silkworm midgut, 95. 

Glutamic acid, role of in development of slime 
mold, 265. 

Glutathione, feeding response to, by Physalia, 
452. 

Glycogen content of pigeon flight muscle, 239, 

Gnorimosphaeroma, osmoregulation in, 272. 

Goitrogenic compounds, effects of on regenera- 
tion of planarian, 106. 

Gonad development of Allocentrotus, 362. 

Gonad index of sea urchin, 49, 362. 

Goreau, T. F. The physiology of skeleton 
formation in corals, I., 59. 

Grant, W. C., anp G. E. PicKrorpb. Presence 
of the red eft water-drive factor prolactin 
in the pituitaries of teleosts, 429. 

GREEN, J. W., M. Harscu, L. BARR ann C. L. 
Prosser. Regulation of water and salt 
by fiddler crabs, 76. 

Greenfield, L. See A. C. Giese, 49. 

Gross, W. J. The effect of osmotic stress on 
the ionic exchanges of a shore crab, 248. 

Growth of Callinectes larvae, 373. 

Growth of Dunaliella in culture, 461. 

Growth-promoting factor in teleost pituitaries, 
429. 

Growth rates of coral colony parts, 59. 

Growth of regenerating planarians, effects of 
thiourea on, 106. 

Guanine from lobster eye, 125. 

Gynandromorph of lobster, 226. 


H ABITAT of Allocentrotus, 362. 


Habitat in relation to osmoregulation of 
isopods, 272. 

HARRISON, J. R. Developmental characteris- 
tics of low temperature chick blastoderms. 
1., 436. 

Harsco, M. See J. W. GREEN, 76. 

Hatching of copepod eggs, 15. 

Healing of planarians, effects of thiourea on, 
106. 

Heat, effect of on Mnemiopsis luminescent 
flash, 1. 

Heat, response of bats to, 484. 

Heat transfer in frozen intertidal animals, 258. 

Hermaphroditism in lobster, 226. 

Hibernating bats, body temperatures of, 484. 

High temperature, response of bats to, 484. 









INDEX 


Histochemistry of arthropod retina, 125. 

Histochemistry of newt oviduct, 446. 

Histology of Diploptera endocrine organs, 406. 

Histology of frozen intertidal animals, 258. 

Histophysiology of crab gill and kidney, 37. 

Homarus, reflecting pigment from retina of, 
125. 

Homarus gynandromorph, 226. 

Hormonal control of metabolism in crustaceans, 
175. 

Hormonal control of reproduction 
ploptera, 406. 

Hormone, juvenile, of silkworms, 323. 

Hormones of Palaemonetes, 30. 

Hormones of Philosamia, 88. 

Hormones of teleost pituitaries, 429. 

Horseshoe crab, reflecting pigment from retina 
of, 125. 

Huanc, H. See A. C. Giese, 49. 

Hucues, W. N. See A. A. HUMPHRIES, JR., 
446. 

Humpuriges, A. A., Jr., AND W. N. HUGHEs. 
A study of the polysaccharide histo- 
chemistry of the oviduct of the newt, 
Triturus, 446. 

Hyaline layer reaction in UV-irradiated sea 
urchin eggs, 294. 

Hyalophacus, periodicity of mitosis in, 162. 

Hyalophora, endocrine activity of, 323. 

Hyalophora, respiratory enzymes of, 136. 

Hydroid regeneration, 232. 

Hydrozoan, chemical control of feeding in, 452. 

Hypertonic medium, effect of on Pachygrapsus, 
248. 

Hypoblast, role of in development of low 
temperature chick blastoderms, 436. 


in Di- 


[cE formation in intertidal animals, 258. 


Icuikawa, M., AND J. NisHutTsutsuy1-Uwo. 
Studies on the role of the corpus allatum 
in the Eri silkworm, Philosamia, 88. 

Immunology of sea urchin egg fertilization, 217. 

Immunology of Arbacia fertilization, 472. 

In vitro culture of chick blastoderms, 420, 436. 

In vitro growth of Dunaliella, 461. 

Incubation temperature, effect of on develop- 
ment of chick embryos, 436. 

“Induction” of aggregation centers in slime 
molds, 304. 

Infrared irradiation of cellular particulates, 498. 

Inhibition of fertilizin by Arbacia dermal 
secretion, 472. 

Inhibition of regeneration in Tubularia, 232. 

Initiator cell in slime mold aggregation, 304. 

Injury respiration of silkworm, 136. 

Insemination of Diopatra eggs, 339. 

Intermolt period of crustaceans, hormonal 
control of metabolism during, 175. 


Sil 


Intertidal animals, frozen, histology and 
metabolism of, 258. 

Ionic exchanges in Pachygrapsus, 248. 

lonic regulation in Uca, 76. 

Ionizing radiation, effects of on cellular 
particulates, 498. 

Irradiation, ultraviolet, of sea urchin eggs, 294. 

Irradiation of cellular particulates, 498. 

Isopods, osmoregulation in, 272. 

Ito, T., AND M. TANAKA. Beta glucosidase of 
the midgut of the silkworm, Bombyx, 95. 


J ELLY of amphibian eggs, importance of, 446. 


Jenkins, M. M. The effects of thiourea and 
some related compounds on regeneration 
in planarians, 106. 

Jounson, F. H. See J. J. CHANG, 1. 

Jones, N. S., anp W. D. Burpanck. AIl- 
myracuma from brackish water of Cape 
Cod, 115. 

Juvenile hormone of silkworms, 323. 


ANWISHER, J. Histology and metabo- 
lism of frozen intertidal animals, 258. 

Katherina, shell repair in, 318. 

Kidney of crab, histophysiology of, 37. 

Killifish, prolactin in pituitary of, 429. 

KLEINHOLZ, L.H. Purines and pteridines from 
the reflecting pigment of the arthropod 
retina, 125. 

Krebs cycle in slime mold, 265. 

KrIVANEK, J. O., AND R. C. KRIVANEK. 
Chromatographic analyses of amino acids 
in the developing slime mold, Dictyo- 
stelium, 265. 

KuRLAND, C. G., AND H. A. SCHNEIDERMAN. 
The respiratory enzymes of diapausing 
silkworm pupae: a new interpretation of 
CO-insensitive respiration, 136. 


[LABORATORY-RAISED Callinectes larvae, 
373. 

Lactogenic hormone in fish pituitaries, 429. 

Larvae of Diopatra, 339. 

Larval development of Callinectes, 373. 

Larval stages of Bombyx, beta-glucosidase 
activity of midgut in, 95. 

LASKER, R. See A. C. GIEsE, 49. 

LEEDALE, G. F. Periodicity of mitosis and 
cell division in the Euglenineae, 162. 

Lenuorr, H. M., AND H. A. SCHNEIDERMAN. 
The control of feeding in the Portuguese 
man-of-war, Physalia, and its bearing on 
the evolution of the Cnidaria, 452. 

Lepidoptera, endocrine activity of, 323. 

Lepocinclis, periodicity of mitosis in, 162. 

Life-cycle of Protoeces, 184. 





512 


Light, effect of on coral skeleton formation, 59. 

Light, effect of on mitotic periodicity of 
euglenids, 162. 

Light-adapting hormone of Palaemonetes, 30. 

Light emission by Mnemiopsis, 1. 

Light reactions of Mysis, 204. 

Limulus, reflecting pigment from retina of, 125. 

Littorina, frozen, histology and metabolism of, 
258. 

Liver cell particulates, effects of radiation on, 
498. 

Lobster, reflecting pigment from retina of, 125. 

Lobster gynandromorph, 226. 

Locomotion of flagellated cells, 285. 

Low temperature, effect of on 
erythrocyte form, 397. 

Low temperature, response of bats to, 484. 

Low temperature chick blastoderms, 436. 

Low temperatures, effects of on intertidal 
animals, 258. 

Lowe, M. E. See M. FINGERMAN, 30. 


amphibian 


Luminescence of Mnemiopsis, 1. 
Lytechinus eggs, respiration of, 217. 


M ADREPORARIAN corals, reef-building in, 
59. 

Magnesium concentration in Uca, 76. 

Madracis, skeleton formation in, 59. 

Mammals, Australian, body temperatures of, 
484. 

Manicina, skeleton formation in, 59. 

Marine alga, growth of in culture, 461. 

Marine fish, prolactin in pituitaries of, 429. 

Mating, influence of on egg maturation in 
Diploptera, 406. 

Maturation of eggs in Diploptera, 406. 

McLacuian, J., AND C. S. YENTscH. Obser- 
vations on the growth of Dunaliella in 
culture, 461. 

Measurement of skeleton formation 
corals, 59. 

Megalops of Callinectes, 373. 

Meiotic blockage in salamander eggs, 446. 

Membrane elevation in UV-irradiated sea 
urchin eggs, 294. 

Membranes of copepod eggs, 15. 

Menoideum, periodicity of mitosis in, 162. 

Mesocyclops, hatching of eggs of, 15. 

Metabolism of Arbacia sperm, 472. 

Metabolism of bats, 484. 

Metabolism of Chlamydomonas, 285. 

Metabolism of frozen intertidal animals, 258. 

Metabolism of rat liver particulates, 498. 

Metabolism of sea urchin eggs, 217. 

Metabolism of silkworm pupae, 136. 

Metabolite load of pigeon flight muscle, 239. 

Metabolites, bacterial, role of in Tubularia 
regeneration inhibition, 232. 


rate in 


INDEX 


Metachromasia in salamander oviduct, 446, 
Metamorphosis of Callinectes, 373. 
Metamorphosis of silkworm, 323. 

Method for measuring coral skeleton formation, 
59. 

Metz, C. B. Inhibition of fertilizin agglutina- 
tion of sperm by the dermal secretion from 
Arbacia, 472. 

Microscopic anatomy of arthropod retina, 125, 

Microscopic anatomy of crab gill and: kidney, 
37. 

Migration of slime mold cells, 304. 

Midgut of silkworm, beta-glucosidase of, 95. 

Miniopterus, body temperatures of, 484. 

Mitochondria, effects of radiation on, 498. 

Mitotic abnormalities in UV-irradiated sea 
urchin eggs, 294. 

Mitotic periodicity in euglenids, 162. 

Mnemiopsis, luminescent flash of, 1. 

Model of amphibian erythrocyte, 397. 

Modiolus, frozen, histology and metabolism of, 
258. 

Mold, slime, aggregation of, 304. 

Mold, slime, amino acids in, 265. 

Molluscs, frozen, histology and metabolism of, 
258. 

Molluscs, shell repair in, 318. 

Molt-inducing hormone of Philosamia, 88. 

Molting hormone in teleost pituitaries, 429. 

Molting in relation to metabolism of crus- 
taceans, 175. 

Montipora, skeleton formation in, 59. 

Moore, G. M. See F. A. CHAcE, JR., 226. 

Mopalia, shell repair in, 318. 

Morphogenesis of chick embryo at low temper- 
ature, 436. 

Morphogenesis of chick somites, 420. 

Morphogenesis of UV-irradiated sea urchin 
eggs, 294. 

Morphology of Callinectes larvae, 373. 

Morphology of dinoflagellates, 195. 

Morphology of lobster gynandromorph, 226. 

Morphology of new cumacean, 115. 

Morphology of Proctoeces, 184. 

Morphology of slime mold initiator cells, 394. 

Morrison, P. R. Body temperatures in some 
Australian mammals. I., 484. 

Motility of Arbacia sperm, effect of dermal 
secretion on, 472. 

Motility in flagellated cells, 285. 

Motion of cells, energetics of, 285. 

Muscles, flight, of birds, 239. 

Mutant of Chlamydomonas, 285. 

Mysis, photoreception in, 204. 

Mytilus, frozen, histology and metabolism of, 
258. 

Myxamoebae, aggregation of, 304. 

Myxamoebae, amino acids in, 265. 





INDEX 


AIK, R. M. See J. C. GeorGe, 239. 


Nauplii of copepods, hatching of, 15. 

Neurosecretory activity of Diploptera, 406. 

Neurosecretory hormone in Philosamia, 88. 

New genera of dinoflagellates, 195. 

New genus and species of cumacean, 115. 

Newt oviduct, histochemistry of, 446. 

NisnutsutsujI-Uwo, J. See M. IcHIKAWwaA, 
88. 

Nitrate nitrogen and growth of Dunaliella, 461. 

Nutrients in chicken egg yolk, 420. 

Nutrition, role of in growth of Callinectes 
larvae, 373. 

Nutrition of Allocentrotus, 362. 

Nutrition of Physalia, 452. 

Nutrition of sea urchin, 49. 


(BSERVATIONS on growth of Dunaliella, 
461. 

Oculina, skeleton formation in, 59. 

Ocypode, histophysiology of gill and kidney of, 
37. 

Onuphid, development of, 339. 

Opossum shrimp, photoreception in, 204. 

Organic productivity of sea urchin, 49. 

Osmotic hatching of copepod eggs, 15. 

Osmotic relations of crab gill and kidney, 37. 

Osmotic relations in Uca, 76. 

Osmotic stress, effects of on Pachygrapsus, 248. 

Ova, copepod, osmotic hatching of, 15. 

Ova, maturation of in Diploptera, 406. 

Ova, sea urchin, respiration of, 217. 

Ova, sea urchin, ultraviolet irradiation of, 294. 

Oviduct of newt, histochemistry of, 446. 

Oxygen consumption of Arbacia sperm, 472. 

Oxygen consumption of Chlamydomonas, 285. 

Oxygen consumption of frozen animals, 258. 

Oxygen consumption of rat liver cell particu- 
lates, 498. 

Oxygen consumption of sea urchin eggs, 217. 

Oxygen consumption of silkworm pupae, 136. 

Oyster, frozen, histology and metabolism of, 


258. 


PACHYGRAPSUS, osmotic stress in, 248. 


Palaemonetes, hormones of, 30. 

Parasite of sea urchin, 362. 

Parasitic trematode, life-cycle of, 184. 

Particulates, cell, irradiation of, 498. 

Pattern of pigmentation in lobster gynandro- 
morph, 226. 

Pectoralis muscle of pigeon, structure and 
physiology of, 239. 

Peranema, periodicity of mitosis in, 162. 

Periodicity of mitosis in euglenids, 162. 

Permeability of copepod egg membranes, 15. 

Phacus, periodicity of mitosis in, 162. 


$13 


Phenylthiourea, effects of on planarian re- 
generation, 106. 

Philosamia, corpus allatum of, 88. 

Philosamia, endocrine activity of, 323. 

Phosphorylated intermediaries in chick carbo- 
hydrate metabolism, 420. 

Phosphorylation, effects of combined radiation 
treatments on, 498. 

Photoreception in Mysis, 204. 

Phylogenetic aspects of Physalia feeding habits, 
452. 

Physalia, chemical control of feeding in, 452. 

Physiology of bird flight muscles, 239. 

Physiology of skeleton formation in corals, 59. 

Phytoplankton, growth of in culture, 461. 

PickrorD, G. E. See W. C. GRANT, JR., 429. 

Pigeon flight muscle, structure and physiology 
of, 239. 

Pigment, reflecting, of arthropod retina, 125. 

Pigment, retinal, of Palaemonetes, 30. 

Pigment variation in lobster, 226. 

Pigmentation in regenerating planarians, effects 
of thiourea on, 106. 

Pituitaries of teleosts, prolactin in, 429. 

Planarian regeneration, effects of thiourea on, 
106. 

Plankton samples, new dinoflagellates from, 
195. 

Platysamia, endocrine activity of, 323. 

Platysamia, respiratory enzymes of, 136. 

Pleurodeles, erythrocytes of, 397. 

Pocillopora, skeleton formation in, 59. 

Pollachius pituitary, prolactin in, 429. 

Pollack pituitary, prolactin in, 329. 

Polychaete, development of, 339. 

Polyphemus, endocrine activity of, 323. 

Polyphemus, respiratory enzymes of, 136. 

Polysaccharide histochemistry of newt oviduct, 
446. 

Population size in 
aggregation, 304. 

Porites, skeleton formation in, 59. 

Porolithon, skeleton formation in, 59. 

Portuguese man-of-war, chemical control of 
feeding in, 452. 

Potassium concentrations in Uca, 76. 

Power dissipation in flagellated cells, 285. 

Prawn, hormones of, 30. 

Premolt period of crustaceans, hormonal 
control of metabolism during, 175. 

Pressure, effect of on Mnemiopsis luminescent 
flash, 1. 

Proctoeces, life-cycle of, 184. 

Productivity of sea urchin, 49. 

Prolactin in teleost pituitaries, 429. 

Prosser, C.L. See J. W. GREEN, 76. 

Protein metabolism of slime molds, 265. 

Prothoracic gland hormone of silkworm, 323. 


relation to slime mold 












514 


Protista, new genera of, 195. 

Pteridines from arthropod retina, 125. 

Pteropus, body temperatures of, 484. 

Pupae, diapausing silkworm, respiratory en- 
zymes of, 136. 

Pupae of Philosamia, corpus allatum of, 88. 

Purines from arthropod retina, 125. 

Purple sea urchin, productivity of, 49. 


RADIATION effects on sea urchin eggs, 294. 

Radiation treatments of cellular particulates, 
498. 

Radiocalcium uptake by coral colonies, 59. 

Radiosodium studies with Uca, 76. 

Rate of calcium deposition in coral skeleton, 59. 

Rat cellular particulates, effects of radiation on, 
498. 

Reaction times of mysids, 204. 

Reconstitution in planarians, 106. 

Red blood cell form, 397. 

Red eft water-drive factor in teleost pituitaries, 
429. 

Reef corals, rate of formation of, 59. 

Re-fertilization of fertilized UV-irradiated sea 
urchin eggs, 294. 

Reflecting pigment of arthropod retina, 125. 

Regeneration inhibition in Tubularia, 232. 

Regeneration in planarians, effects of thiourea 
on, 106. 

Regulation of ions in Pachygrapsus, 248. 

Regulation of water and salt by Uca, 76. 

Renal structure in Ocypode, 37. 

Repair of shells in chitons, 318. 

Reproduction, control of in Diploptera, 406. 

Reproduction of Allocentrotus, 362. 

Reproductive cycle of sea urchin, 49. 

Respiration of Arbacia sperm, 472. 

Respiration of Chlamydomonas, 285. 

Respiration of frozen intertidal animals, 258. 

Respiration of rat liver cell particulates, 498. 

Respiration of sea urchin eggs, 217. 

Respiratory enzymes of diapausing silkworm 
pupae, 136. 

Retina of arthropods, reflecting pigment from, 
125. 

Retinal pigment migration of Palaemonetes, 30. 

Rhabdocoel parasite of sea urchin, 362. 

Rhythm of mitotic activity in euglenids, 162. 

RIEGEL, J. A. Some aspects of osmoregulation 
in two species of sphaeromid isopod 
Crustacea, 272. 

Rosson, H. H. See H. T. Yost, JR., 498. 

Role of corpus allatum in Philosamia, 88. 

Role of initiator cell in slime mold aggregation, 
304. 

Ronkin, R.R. Motility and power dissipation 

in flagellated cells, especially Chlamy- 

domonas, 285. 











INDEX 





RustaD, R. C. Consequences of unilateral 
ultraviolet irradiation of sea urchin eggs 
294. 


SALAMANDER oviduct, histochemistry of, 
446. 

Salinity, role of in growth of Callinectes larvae, 
373. 

Salinity relations of frozen intertidal animals, 
258. 

Salt balance in isopods, 272. 

Salt content of crab gill and kidney, 37. 

Salt pool in Pachygrapsus, 248. 

Salt regulation by Uca, 76. 

Samia, respiratory enzymes of, 136. 

Saturniids, endocrine activity of, 323. 

ScHEER, B. T. The hormonal control of 
metabolism in crustaceans. [X., 175. 

SCHNEIDERMAN, H. A. See C. G. Kurvanp, 
136; H. M. Lenuorr, 452. 

Scrippsiella, a new genus, 195. 

Sea urchin, deep sea, biology of, 263. 

Sea urchin, productivity of, 49. 

Sea urchin dermal secretion, 
fertilizin by, 472. 

Sea urchin eggs, respiration of, 217. 

Sea urchin eggs, ultraviolet irradiation of, 294. 

Serum ion concentrations in Uca, 76. 

Setae of Diopatra, development of, 339. 

Setation of Callinectes larvae, 373. 

Sexual activities of Diploptera, 406. 

Sexual anatomy of lobster gynandromorph, 226. 

Sexual maturation of silkworm, role of corpora 
allata in, 323. 

Shell repair in chitons, 318. 

Shore crab, osmotic stress in, 248. 

Shrimp, opossum, photoreception in, 204. 

Silkworm, corpus allatum of, 88. 

Silkworm, endocrine activity of, 323. 

Silkworm midgut, beta-glucosidase of, 95. 

Silkworm pupae, diapausing, respiratory en- 
zymes of, 136. 

Sinus gland hormones of Palaemonetes, 30. 

Siphonophora, chemical control of feeding in, 
452. 

Size and power dissipation of flagellated cells, 
285. 

Skeleton formation in corals, 59. 

Slime mold, amino acids in, 265. 

Slime mold aggregation, 304. 

Snail, frozen, histology and metabolism of, 258. 

Sodium-24 levels in Uca, 76. 

Somite genesis in the chick, 420. 

Spawning, relation of to chemical composition 
of sea urchin gonads, 49. 

Spawning of Allocentrotus, 362. 

Spawning of fish in relation 

content of pituitary, 429. 


inhibition of 


to prolactin 





INDEX 


Spectral sensitivity of Mysis, 204. 

Sperm fertilizin agglutination inhibition by 
Arbacia dermal secretion, 472. 

Sphaeroma, osmoregulation in, 272. 

Stomach fluid ion concentrations in Uca, 76. 

Stress, osmotic, effects of on Pachygrapsus, 248. 

Strongylocentrotus, productivity of, 49. 

Strongylocentrotus eggs, respiration of, 217. 

Strongylocentrotus eggs, ultraviolet irradiation 
of, 294. 

Structure of bird flight muscles, 239. 

Studies of amphibian red blood cell, 397. 

STUNKARD, H. W., AND J. R. UzMann. The 
life-cycle of the digenetic trematode 
Proctoeces and description of new cercaria, 
184. 

Sucrose, effects of on hatching of copepod eggs, 
15. 

Sulfadiazine, use of in study of Tubularia 
regeneration, 232. 

Sulfate concentrations in Uca, 76. 

SuNDARARAJ, B. I. See M. FINGERMAN, 30. 
Suppression of fertilization membrane elevation 
in UV-irradiated sea urchin eggs, 294. 
SussMAN, M., AND H. L. Ennis. The role of 

the initiator cell in slime mold aggregation, 
304. 
Syndesmis as a parasite of Allocentrotus, 362. 


TActic responses in Mysis, 204. 


TanaKA, M. See T. Ito, 95. 

Taxonomy of cumaceans, 115. 

Taxonomy of flagellates, 195. 

Taxonomy of Diopatra, 339. 

Taxonomy of flatworms, 184. 

Telea, endocrine activity of, 323. 

Telea, respiratory enzymes of, 136. 

Teleost, prolactin in pituitaries of, 429. 

Temperature, effect of on amphibian erythro- 
cyte form, 397. 

Temperature, effect of on Mnemiopsis lumi- 
nescent flash, 1. 

Temperature, effect of on radiation damage in 
sea urchin eggs, 294. 

Temperature, role of in growth of Callinectes 
larvae, 373. 

Temperature of incubation, effect of on 
development of chick blastoderms, 436. 

Temperature relations of bats, 484. 

Temperature-sensitivity of rat liver cell particu- 
late phosphorylative metabolism, 498. 

Temperatures, body, of Australian bats, 484. 

Thawing of frozen intertidal animals, 258. 


Thermoregulatory behavior of bats, 484. 

Thiourea, effects of on planarians, 106. 

Thiouracil, effects of on planarians, 106. 

Tonicity relations of isopods, 272. 

Trachelomonas, periodicity of mitosis in, 162. 

Transitional period of crustaceans, hormonal 
control of metabolism in, 174. 

Trematode, life-cycle of, 184. 

Triturus, erythrocytes of, 397. 

Triturus, histochemistry of oviduct of, 446. 

Tubularia, inhibition of regeneration in, 232. 

Tucker, J. S., anD A. C. Giese. Shell repair 
in chitons, 318. 

Tucker, J.S. See R. A. BooLoorian, 362. 


CA, salt and water regulation in, 76. 


Ultraviolet irradiation of sea urchin eggs, 294. 

Ultraviolet irradiation, effects of on cellular 
particulates, 498. 

Unfertilized sea urchin eggs, respiration of, 217. 

Unilateral ultraviolet irradiation of sea urchin 
eggs, 294. 

Urethane, effect of on luminescent flash of 
Mnemiopsis, 1. 

Uric acid in crustacean retinas, 125. 

Urine ion concentrations in Uca, 76. 

Urine ion exchanges in Pachygrapsus, 248. 

Uzmann, J. R. See H. W. STUNKARD, 184. 


VAscu LAR cells of amphibians, form of, 397. 


Visual reactions of mysids, 204. 
Viviparous cockroach, control of reproduction 
in, 406. 


WATER balance in isopods, 272. 


Water-drive factor in teleost pituitaries, 429. 
Water regulation by Uca, 76. 

Water relations of crab, 37. 

Water relations in hatching of copepod eggs, 15. 
Wituiams, C. M. The juvenile hormone. I., 


323. 


ENTSCH, C.S. See J. McLAcHLan, 461. 


Yolk, chicken egg, nutrients in, 420. 

Yost, H. T., Jk., AND H. H. Rosson. Studies 
on the effects of irradiation of cellular 
particulates. III., 498. 


7, OEAE of Callinectes, 373. 


Zooxanthellae, role of in coral skeleton forma- 
tion, 59. 








